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ABSTRACT

This thesis report describes an investigation into
the possibilities of using solar pressure torques to per-
form threce-axis orientation and stabilization of a small
probe. The attitude control system is to maintain one
spacecraft axis perpendicular to the ecliptic plane and
another axis pointed closely to the sun. This orienta-
tion allows the use of a high gain directional antenna
which tracks the earth through a single rotation in the
ecliptic. The three main elements of the control loop
"are analyzed: (1) attitude sensing, (2) spacecraft dy-
namics, (3) control torque production. A workable design
is evolved which satisfies all the attitude control re-
quirements while retaining the features of simplicity
and low weight.
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CHAPTER 1

INTRODUCTION

In the past, solar photon pressure acting on a body
in space has been regarded as an undesirable dist&rbance
which can cause trajectory errors as well as fax the
attitude control system. For example, on the Mariner II
Venus mission, solar pressure imbalance torques accounted
for about half of the total gas consumed., More recently,
the idea of actually using solar pressure to advantage
has gained prominence. Investigations have been made
into its possible use both as a propulsive system, solar
sailing, and as control torques for attitude control.

The advantages in using solar radiation pressure are
obvious: (1) It pro§ides a practically limitless source
of momentum, or to put it in propulsive terms the system
has an infinite specific impulse; and (2) Like the gravity
gradient, it has an inherent reference direction toward
which a spacecraft can be oriented and maintained. These
characteristics make the concept especially‘desirablé for
long duration missions. The principal drawback in using

solar pressure is the rather minute magnitude of the

pressure itself, at one A.U. it is only about .46 dynes/mzu



Thus, solar sailing is impractical except for the longest
missions., Iowever, solar pressure acting at long enough
moment arms can provide appreciable torques for spacecraft
attitude control. Several studies have been made into
the feasibility of such schemes but by far the most
detailed investigation was carried out for the Sunblazer
program., Here, the objective is to put a smgll, light
spacecraft into a heliocentric orbit for the purpose of
making certain scientific measurements. The principal
attitude control requirement is to keep one axis alwaYs-
facing the sun. There are several reasons for this
desired orientation:
(1) Solar cell power is maximized when all cells
are in a plane facing the sun.
(2) Antenna patterns can be maximized for a sun-
oriented spacecraft.
(3) Some solar experiments may require that the
spacecraft point closeiy to the sun.
(4) Thermal control is simplified for a spacecraft
with one side always facing the sun.
Initial orientation and long term stabilization was
achieved using only solar radiation pressure torques. The
spacecraft configuration is shown in Figure 1l.1. The
attitude control system consists of four reflecting vanes,

rotatable about their longitudinal axis. The torques



produced by such vanes are derived in Apprendix R.
Rotations of the vanes allowed direct control over 8, i.e.,
sun-pointing. However, there is no direct roll control,

the spin rate being allowed to vary between .1 RPM and

19 RPM. Thus, this design is essentially a two axis
stablized system. It is the objective of this thesis

to investigate the possibility of carrying this design

one step further, that is, to a fully threc-axis stabilized
system. The overriding reason for going to three-axis
stabilization is that it allows the use of a high-gain
directional antenna. For this case, where the orbital
plane is essentially coincident with the ecliptic, control
of roll about the sun-pointed axis will allow a directional
antenna to track earth by a single rotation in the ecliptic
plane. It was determined that the best antenna configuration
for thig application is a stacked pair of three-element
Yagis. Parabolic dish configurations were rejected due

to the requirement of a large dish size at the frequency

of operation. Studies resulted in an optimum design for
the Yagi antenna strucfure as shown in Figure 1.2. Mechanical
and electrical specifications are shown in the following
table.

Mechanical Specifications

2hR = ,51N SF = 17N+ ,23N

z>'hF = .50 s L16N+ . 19N

FD



2hD = 44N a = ,75N=*,9\

Pa=Pe=Pr = .0037N

Electrical Specifications

A. Individual 3-element Yagi
ez = 57° N = wavelength

oF = 75° 0" = beamwidth

Gain = 9.65 dB over omnidirectional
B. Stacked Yagis
0%~ 47°
Gain = 12.65 dB over omnidirectional
The antennas rotate in the ecliptic plane through % to
"track the earth as shown in Figure 1,3, 'The attitude
control requirements are thus:
(1) Maintain one axis, 2 pointing closely to the
sun, ’
(2) Maintain another body axis, z , pointing closeiy
perpendicular to the eqliptic plane?
Control of both axes should be within 10° of optimum to
avoid losses in antenna pattern., Having defined the
requirements, the problem can now be divided into three
major areast
(1) Attitude sensing
(2) 1Initial orientation

(3) Long term stabilization



Within this framework, two configurations were studied:

{1) a completely despun spacecraft and; (2) & dual spin
spacecraft. It must be emphasized that the prime

objective of the Sunblazer design was to have a very
lightweight, low-cost spacecraft -- the final configuration
weighed only twenty-eighf pounds. This study was carried
out with the same 6bjectiVes in mind; minimum weight

and simplicity were sought at all times.



Figure 1.1 Sunblazer spacecraft



Figure 1.2 Antenna configuration



Ecliptic plane

—®

Figure 1.3 Antenna orientation requirements



CHAPTER 2

GENERAL DYNAMICS OF A SPINNING BODY

2.1 General

The Sunblazer probe is to be launched into its solar
orbit by a five stage Scout booster. The spacecraft
initial conditions at separation from the final stage
are assumed to be a spin rate of 200 RPM at an angle of
60° from the sun. Therefore, to investigate the dynamics
of such a spacecraft, one must first have -an understanding
of the basics of rotational motion.

The basic equations for gyrodynamic motion are

Euler's equations:

11‘9(:)"'9.4- w‘lrwﬁr(I"’ I‘h) = N"t (2-1)
I‘h “bh + CO.,.,O),, (I’r—IBJ = N'n (2-2)
Ii,d)h—‘- 03;,6)%(1."-1"-,,') = N'M’ (2-3)

where ‘lug,jap are the principal axes of the body. Study
of the motion can now be divided into two general areas:
(1) Torque free motion where N0, and (2) Motion in

which torques act on the body.

2.2 Torque Free Motion

With the simplification that the body is symmetric so

that I,f I"-‘-Ie ’ the above equations: become:‘
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T, Dypt 0,0, (T, -T)=0
x‘ (:.)‘” + Q),_'(#-‘" (Tt —I,D: O

I}o @, =0

(2-4)
(2-5)
(2-6)

The first result for the motion follows from Eguation

(2-6)
Wy =Icpn:s£tant
Define = "";r_t Py

Then Equations (2-4) and (2-5) can be written as:

C;)"r+ 0.00.""’ o

d’w“’ £ WOy, = 0

(2-7)
(2-8)

(2-9)
(2-10)

A solution may be found to these coupled simultaneous

equations by multiplying the second equation by i and

adding it to the first:

('C:),'+.L63‘b - Lﬂ(“s,"‘ i&)‘") = Q

. If we define
Nz Wiy + t‘w‘h

then 7.\' ~-itON= O

A _iab
with the solution AN = Ae
Thus, Oy, + b0y, = Ao (Ut + LAsin L
where Aec cost, = \lw:r-t- 60;" = 0,
and therefore, Wy ® ¢ 0, coslLb

Wy, &) = 0 sinLE

(2-11)

(2-12)
(2-13)
(2-14)
(2-15)
(2-16)
(2-17)

(2-18)
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Since @, = constant, the magnitude of & is also constant.

-

18l = 0= (@t +02 = const, (2-19)

Equations (2-17) and (2-18) are the parametric equations
of a circle, so that the projection of the vector & onto
the plane describes a circle with time, as shown in
Fiéure 2.1.

Since we are considering force-free motion, the
angular momentum vector tlmmst be  a cénstant, fixed
in space.' An additional constant of the motion-is that
the rotational kinetic energy is constant: .

T-= %a‘)r{ = consk.
(2-20)

-t

Since H is constant, Equation (2-20) requires that @&
move in such é manner that its projection on the
stationary angular momentum vector is constant. Thus,53
"nutates" about and makes a constant angle with-fhe
Qector H + the rate of nutation being given by Q.

The motion‘can be visualized as a rolling of the "“body
cone" on the "space cone" which is fixed in space by

-t

the vector H , Figure 2.2. From geometry,

P A H
tam 0 = —bt—t— = —* (2-21)
5,9, Hy,
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Thus © is simply a function of the ratio of the transverse
1 4

angular momentum to the spin momentum. & is called the

"nutational amplitude" because it is a direct measure

of the magnitude of the "wobble".

2.3  Torqued Motion

Note that the equations used so far have all been
referred to the body-fixed axes which move with the body.
and hence tells us nothing about how the body moves in
space. This 1is perfectly acceptable when studying torque
free motion since the angular momentum vector remains
fixed in space while the body simply nutates around it.
However, when studying the case where torgues act on the
body, it is more convenient and illuminating to define
a coordinate system with a reference external to the
body == in this particular case, the sun. Define
three qoordinate systems as shown in Figure 2.3. {XS,Y,‘is}
is a system, call it "s", with origin fixed at the
center of gravity of the spécecraft with the #,-axis
pointed at the sun, ?&-axis in the ecliptic plane, and
Y'X.s-axis perpendicular to the ecliptic. {X,Y,E}'is an
axes system, call it "k", which, though it moves with
the body, does not rotate with it about %. {'26,"3,3;}
are'body-fixed coordinates, "b". The three systemé are
related through the standard Euler angles (¢.9ﬁﬂ as

defined:



. ‘ . X
First rotation X s
. v, = A{Ys}
ER Zs

ws o sine § o

A= |-smd s & ) (2-22)
Y o] 1
Second rotation x x
Y= By
Z Zg
' © ° (2-23)
B= 0 &3 0 s O
0 ~sing 0
Third rotation % p.
| {1} =Ci{¥
F) z
o siny o
C=lsny wq o (2-24)

For the'total rotation

% X,
{;} = CBA{Y;} (2-25)

%

H
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where

[ chey-shsyee  shevrchsvco  sysg)

CBA=|-cdsb-sbepco -s¢sp+cheyco v sOl  (2-26)

s$sO ~-c$so co
- -

As defined, the Euler angles are useful in describing
the'attitude of the spacecraft with respect to the sunline;
4] specifies the angle between the spin axis and the sun line,
the precession angle, ¢, specifies rotation about the

sun line, and A specifies rotation about the spin axis.

The "k" axes system is very suitable for studying the
motion of the spacecraft. Since the X-axis is always
perpendicular to the plane containing the spin axis

and the sun line, torques acting alqng this axis will

cause the spin axis to precess about the sun line. This
torque is analogous to the gravity torque acting on a
spinning top, causing it to precess about the local
vertical. Because the X-axis is coincident with the é
direction, Nx torques can never effect 8. 'The Y-axis,

~on the otherhand, lies in the plane containing the sun

line and the spin axis and is in fact perpendicular to

the latter. Thus torques along this axis will erect

the spin axis toward (or away from) the sun. Since the

Z-axis corresponds to the spacecraft spin axis, N, torques

Z



15

will only change the magnitude of the angular momentumn,
not its direction. For these reasons, the NX' Ny, and
NZ torgues are referred to as the precession, eréction,
and spin torques respectively. |

With these definitions, we can proceed to develop
the equations of motion in the "k" axes system. Once
again, the spacecraft is assumed symmetric, with

Ix = Iy = It' Following the derivation from the Sunblazer

(1)

report , the basic equation of motion when referred

tothe rotating frame of reference "k" becomes:
ey —n -\ o
H= N-—(Cﬁsw-w“)x‘—\ (2-27)

where a%k= angular velocity of "k" system with respect:
to the "s" system
5&5= angular velocity of "s" system with respect
to inertial space, i.e. the orbital angular
rate.

These rates can be expressed in terms of the»Euler angles as:
E:)Ik =T:Ké 4?!«4399 .\-&'che (2-28)

oA
W= Wi Tawsd -%'KCGS¢+M59$¢3 (2-29)

And also:
He=T L6+ 7L, bs0 + &, 1, (i« bco) (2-30)
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So that:

B o=Lb+ R L o doce) s AT G lhsdes)
Bur W =T 1, ds0 (h+dee)~T d*soco | +
Fe[1,86c0-T,6(begeo)] (2-32)

.st wu,{—bg[l' cosb(+ed) + T, ds*0sd] -l T,cd(P+ deo)
-I esescb}+»?okh ¢SSC¢+It9ces¢].} (2-33)

Putting equations (2-31), (2-33) into (2-27), we obtain:

1,8 - T, d*s0ce + T $0a50 = Ny = (B, % w),

(2-34)
T, (bso+2d6co) ~I, 6w, = N, ~ (Bisx ), (2-35)
I, 4°2 = Na= (Bx H), (2-36)

where Wz = Y & co (2-37)

and (&« P‘() is given by (2-33).

Equations (2-34) to (2-37) are the complete, general
dynamical equations describing the motion of an inertially .
symmetric spacecraft in a solar orbit. For our case,
the precessional torques caused by solar pressure-are
so small that for spin rates above about .l r/min, the
nutational and precessional motions aré essentially
- uncoupled; that is, the dynamics of the spacecraft can
be considered as a fast torque free nutation superimposed
upon a very slow and steady torqued precession of the

anéular momentum vector about the sun line. Thus to analyze
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the two motions separately we define two intermediate

axes systems which when combined bring us back to the

"b" system. These axes and the Euler rotations which

describe them are shown in Figure 2.4, They are defined

as follows: (1) Rotations from the "s" system through
G O to get {Xnv,Yav Zut s the precession "p" axes; then

(2) Rotations through ¢', e’ to get {X',Yv, 2'} ' thé

nutation "n" axes, and finally a rotation through ny°

to arrive at "b", the body-fixed axes as defined earlier.

Using these new axes and the corresponding dynamical
equations it is possible to arrive at the torque free

results derived earlier:

From (2-34) T,8'-T,¢se"ce'+Tad'w,.50"= 0 (2-38)
From (2-35) 8 =0 (2-39)
From (2-36) Wy = const, (2-40)

(ﬁhgcﬁ\ is neglected when studying nutations because
the nutation period is so short that any coupling with -
53&5 can be neglected. Equation (2-38) gives the

nutation rate as:

%
— Wy
T,co' *

-

Earlier, the nutation rate with respect to body coordinates

was derived as:

n=2_"ty, (2-8)
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If we convert to the nutation coordinates {X',V¥' E'} ’

we find:

¢'

H®

(Q+a,,) [ce’

I;-Io— ) v
( I, W, + wir /ce

which is exactly the same result as Equation (2-41).

The "high" spin rate case (wi%.lan) also allows
much simplification of the precessional equations. In
this case; the precession rate is very much smaller than

the spin rate @y so that the following assumptions are

valid:
wa P >>b,0 (2-42)
¢ =0 (2-43)
6=0
(2-44)

Applying these simplifications to Equation (2-33), the

coupling with the orbital rate becomes:

a&c’( H = wis['futa¢cgs¢”?hla¢c¢] (2-45)
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Equations (2-42) to (2-45) applied to the dynamical
equations (2-34) to (2-37) lead to the precessional

equations for "high" spin rates:

I?_micf:s‘@ = N, + I, w,0ico5¢ (2-46)
I,0,.6 = -Ny~T w,w,cé (2-47)
I’,_ Wy = NE (2-48)

Note that these equations verify the description of

torqued precession described earlier; that is, the
precession rate, $, is dependent on torques acting

along the X—-axis, whereas the erection rate,é, is

dependent on torques acting along the Y-axis. These

“high; spin rate equations rest basically on the precept
that at high enough spin rates, the angular momentum of

the spacecraft is so large compared to the applied torques
that the rate at which the momentum vector moves is very
small -- thus the assumptions 4L>><£,é . The motion

is therefore a steady ( é'4<i) nutation superposed on a
steady ( éhv<<:l) precession. The lowest spin rate at which
these assumptions are still valid can be seen by examining
equation (2-34)." If we.use this "steady" motion assumption,

6 . is ignored, thus the equation becomes a quadratic in ¢:

(I,-T,)socod?+I,s09¢ - Ny =0 (2-49)
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Solving for ¢:

i ~I,s0y |10 9 4 (T,~T)soco Ny

¢ = . (2-50)
2(I,—-I,)s6co

For solar pressure torques, N,<0 (see Appendix A). Thus

the assumption of steady motion is valid only if:

2520 Pp* > - 4 (I~ 1) seco Ny

i,
cril” . 2 - 2 -
S > [- N (1.-T,) eot ] (2-51)
For typical values: Nx =-20 dyne-cm,

Ie = BX(O‘ gm- cm?
1'2 = 4-2)((0‘?&— em?
Q@~=5°

W5t = OM9  r/min

Thus, it appears that the "high" spin rate assumption is

Ve
valid for spin rates about about .1 r/min,
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Figure 2.3 Definition of "g", k", and "b" axes and

Euler rotations



Figure 2.4
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CHAPTER 3

ATTITUDE SENSING

3.1 General Considerations

In order to perform three-axis attitude control,
it is required that two distinct vectors from the
spacecraft to known directions be defined thus permitting
complete specification of the spacecraft attitude. Since
one body axis must always be maintained pointing closely
to the sun, it is obvious that one of the required vectors
should be the solar radiatioh vector. Measurement of
the solar aspect, essentially the angle @, makes possible
the achievement of the first requirement, sun-pointing.
Another vector is then necessafy to determine roll
orientation. Conceptually, this second vector could be
one of several possible vectors. Let's first analyze
the first vector measurement and determine how much
information one can extract by simply "looking" at the

sun,

3.2 Solar Radiation Vector Measurement

In the last chapter, it was determined that the

attitude of the spacecraft with respect to the sun line
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is complétely specified with the knowledge of the three
Euler angles ¢, @, ¥. The solar radiation vector will
allow the measurement of the last two quantities, @
and’w; The precession angle,<#, which is measured in
the plane perpendicular to the sun line of course
cannot be determined. (If it could, we would have complete
knowledge of the spacecraft attitude and the second
vector measurement would not be necessary.)

There are several possible solar sensor cthigurations
for the measurement of @and® . Consider the one shown
in Figure 3.1. The sensor consists of a circular
detector made up of many individual tiny photodetectors.
A pin hole or a lens mounted on the z axis at a distance
h above the detector plane focuses the sun on the detectors.
Thus the radial distance, r, of the image point from

the center of the detector gives @ :
y =AHtam 6 (3-1)

The azimuthal angle, Vs , measured by the detector gives Y,

where, as shown in Figure 3.3:
(s
Vs =W+ 2

Thus, for example, if the spacecraft is spinning uniformly

with the spin axis at an angle from the sun line, the image
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will tralce out a circle on the detector face; the
radius of the circle givi__hg ©, and position on the
circle giving Y. Note, however, that both the © and ()
resoiutibns decrease as O decreases. For example,

for individual detectors of size .01 in. by .01 in.,

the worst @ resolution would occur right next to the

center:
/K,'&M\.Q = ,01
A -9 .0l 3-3
Oum "‘éaq\.'("'.%) ( )
for h = 2 in.
O = 117"

The resolution in Y is given by:

w014 . Ol _

for h = 2 in., and @= 5°
Y 325 °

Also, the maximum € that can be measured with this
configuration is limited by the allowable size of the
senls',c_ar.i For example, for a sensor radius c;f 3.5 in., ‘
the maximum © that will be detected ist

Ouax = -'('535":)

Ouax = 60° 20"
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To circumvent this drawback, a hollow spherical cup
detector could be used, as shown in Figure 3.4. The @

resolution would be the same for all O :
w04
6 rR
The’w resolution at small @ is about the same as that

for the planar detector:

R4 .01
Vo= RS0

However,; the maximum measurable @ would theorétically be
90°. Optically, the hemispherical cup would be preferred
over the planar design because the detectors would

always be a constant disténce from the pin hole or

lens.,

For either design, however, sénsor resolution in 4)
limits the minimum allowable @ to about &', This
point must be taken into consideration in the design
of the © control loop.

It would also be very desirable to be able to sense
nutational_motion., To do this, requires the ability to
'determine the Euler rotations ¢t Oav.d, 00 which
describe the "p" and "n" axes as defined earlier. Again,
since ¢m,is measured in the plane perpendicular to the°

sun line, it cannot be deduced from a solar measurement.

The question remains as to whether it is possible to
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extract é”w ¢J, 97, and’w'from the actual sensor measurement
of © and ¥ . Since the five rotations through @y,

'an’ év, 9',1P'are equivalent to the three rotations ¢,

8, #f, we can obtain relationships between these
quantities by equating their corresponding rotation
matrices:t

X r“"(’A\/ Sday o
{1‘} -5y ChnCOyy SO |°

) (3-7)
f‘{’av SO = ChaySOay COn

F (3 . (3 v ¥ ) v v v ’ L SR, ]
cdey’-sd'sq'co sd'ey’+ cdsy'ce sy's 9
'C«@'S'\()'- sd’vcvvcev - '5¢'S'\P'+ C(?'G’V'CQ' C’W'SQ' Ys
. s
BRAL - c$"se" co’
Also,
—u}w-sc[:sq’co sy + chspco 59 50) X
% s
Yr=|-cdsp-shepes ~shswtchepeo  eso) T, (3-8)
¥ Z
sbse - c¢se co ] s
Equating the two equivalent rotation matrices gives
three independent equations:
69 = CQ'CQ“V - C(b'se'sgm/ (3-9)
sOsY = SOCYsGyy +cd'SY'COS0y + SWSO'CO,y (3~10)

socP = ~SP'sy’sg,, + cP'ey’co’so,,+ep'so’co,, (3-11)
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Equations (3-10) and B-11) can be rewritten as:

505y = f’%i (1+eoslys ) + ?3;“(ce'—h s(V'- ")+ cop 50"5Y"

(3~-12)
RS s—%—f‘-"- QregN ey &+ E%Bl (co™-)cy¢)+Opseey’  (3-13)
These equations allow a further insight into the effect
of nutations on the sensor measurement. Noting that

" the only cyclic terms on the right hand side involve
(P4 d") +» (V-&),and §", if we plot SOcy on one
axis and $OsY on the other (these quantities essentially
describe the motion of the solar trace on the sensor
face), it can be seen that the result is made up of-a

sum of three vectors of differing amplitudes, which are
functions of ©yand 0'; the vectors rotating with the
frequencies ({'+ ¢7) ,('\l.)'-tl.f), and P", (Figure 3.5).

Thus it is clear that when nutations are present, the
sun's image will no longer trace out a circle on the
detector, but instead a more irregular shape depending

on the nutational amplitude, 0. Figures 3.6, 3.7, 3.8
show the results for three different values of @ . Note
that in the first two cases where @ is less, thah Oy the
trace always moves in a counterclockwise motion, correctly
indicating positive spin rate. However, in the last case
where ©' is larger than ©av, the average direction is
clockwise, and the sensor would incorrectly indicate a

negative rate. Here is one factor among many which
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indicates a neéd for eliminating nutations,

Returning to Equations (3-9), (3-10), and (3-11)
“and noting that the left hand side are known quantities
measured by the sensor, there remains three equations
in four unknowns Ou, ¢, €', and W', However, in
the first equation, the only cyclic term is ¢d’, thus
it is obvious that '6(t) oscillates between the extreme
values (6 0") and (6, +0') at the frequency ¢;'u Hence
it is possible to determine ¢, ©ay, and €' from the

measured @ time history, as seen in Figure 3.9.

Ouv = QHAX+9MIN
av = T o (3-14)
9' QHRX-QMIN
2 (3-15)
. 1 v .
¢'=zF , ¢ - [aede
(3-16)

where 0,,,is the largest measured value of 8, Ouinis
the smallest, and A¢ is the time between peaks in 8.
Thus, all that remains is to solve for 1P'using
either Equation (3-10) or (3-11)., Unfortunately these
equations involve trigonometric functions of 4’ and "
hence in general cannot be readily solved for 1¥'o
However, for @'¢<4 (very small nutations), the

equations simplify to:
sY o< SP'CY +cd'sy’ = s ($"+P")

., (3-17)
A ¢



31
Hence, we can obtain AJ'as:

/\l}7= w~¢'

(3-18)

The requirement that 9" be very small again indicates

a need for control. of nutations.

'3.3' Second Vector Measurenent

Conceptually, the second required vector could be one
of several possibilities, namely:
(1) the apparent local solar wind bulk velocity
vector
(2) the local magnetic field vector
(3) the earth to spacecraft vector (from a radio
uplink)
(4) the earth to spacecraft vector (from an IR
sensor)
(5) a vector from a star sensor
(6) energetic particles velocity vector
Of these, (2) can be ignored because the magnetic field
direction is too variable. Item (6) is roughly coincident
with the solar radiation vector and hence will not be
considered further.
Considerable work has been done on star trackers
and earth IR sensors. Star trackers in particular have

proven their accuracy and reliability in actual missions.
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Both of these methods, however, require much complex
equipment and thus tend to bhe rather heavy. For example,
the Canopus sensor used on Mariner weighly about seven
pounds and consumed a little less than five watts of
power. For our application a less sophisticated tracker
is'required which would bring the weight down to perhaps
five pounds. This is still a very large penalty when
compared to the weight of the entire spacecraft. Thus
these methods are to be avoided if possible.

Condider item 1, the apparent solar wind velocity
vector. The observed solar wind flux at the earth has
run typically from 107 to 2 x 109 protons/cmz-sec.

These limits correspond to densities and vélocities
from 4 protons/cm3 and 250 km/sec to 40 protons/cm3
and 500 km/sec. The spacecraft radial and tangential -
components of valocity for a 3/4 year solar orbit are
shown roughly in Figure 3.10, The radial velocity is
always small relative to the wind velocity and hence
can be ignored. Assuming a radial flow of plasma,- the

aberration angle measured at the spacecraft would be

€ = tan™' (f"—) (3-19)

where'vt = gpacecraft tangential velocity

Vouw = solar wind velocity
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The expected values of € versus heliocentric distance
are shown in Figure 3.11. Note that the aberration
angle can vary between 2° and 8°, thus the system would
have to work over this range of angles. The difficulty
in using this method lies in the angular fluctuation

of the plasma directién. Satellite measurements show
that the instantaneous velocity vector fluctuates about
its average direction by typically F10°. Presumably,
the out of plane angular fluctuations would be comparable,
however, little 4is known about this. Note that this
value is larger than the expected aberration angles € .
The magnitude of the direction variation, particularly
the out of plane fluctuation, makes this method too
unreliable for use in roll sensing.

Next, consider the use of the earth to spacecraft
vector from a radio uplink. Spacecraft roll attitude
could be deduced using standard phase comparison methods
of an RF signal from earth. However, tracking is carried
out only‘about three hours per day, thus if this were
the sole roll sensing method used, the spacecraft would
essentially have no roll reference for the remaining
twenty-one hours. However, this method appears most
promising as a roll "updating" source which would correct
roll drift approximately once a day and bring the spacecraft

back to the desired orientation. A further advantage
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with a radio uplink is that it also allows ground control
of antenna rotation to track earth. This would be
accomplished by sending a command to the spacecraft every
several days to rotate its antenna by a certain angular
increment, say 2° or 3°%, thus eliminating the need for

an on board preprogrammed control of antenna rotation.
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Figure 3.3 Sensor measurement of Y,

Figure 3.4 Hemispherical detector
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CHAPTER 4

DESPUN SPACECRAFT CONFIGURATION

4.1 Spacecraft Configuration

The first configuration that was studied was one
that would be completely despun, so that it was essentially
a non—-spinning Sunblazer. Once the spacecraft was
oriented properly this sttitude would be maintained
through the use of movable solar pressure vanes. For
example, consider one possible configuration shown in
Figure 4.1, Assume that initial despin and orientation
has been accomplished such that the body axis z is
poihted closely to the sun, and such that the Q-® vanes
lie in the ecliptic plane whereas the ®-@®vanes are
perpendicular to it. The ®-@ vanes are rotatable about
their longitudinal axes whereas the ®-® pair can be
rotated about axes which are perpendicular both to 2.
and to the individual sail longitudinal axis. Thus
by varying their pitch angles, the @-® pair would
produce roll torques for maintaining roll attitude
whereas the @-@ pair would produce restoring torques ,
by varying their cant angles to maintain sun-pointing.

Ideally, then, this scheme appears workable for long term
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stabilization. There remains the major problem of

initial despin and orientation.

4.2 General Considerations in Initial Despin and Orientation

The initial conditions after separation are assumed
to be an initial spin rate of 200 r/min, initial aﬁgle
between spacecraft angular momentum vector and sun line

of 60°, and an initial nutation amplitude of 10°:

w’,_o = 200 vr/min (4-1)
O, = 60° (4-2)
g, ~10°

(4-3)

Thus, it is obvious that the first task is to despin the
spacecraft from its initial rate of 200 r/min down to zero.
The next step would be to achieve sun pointing, that is,
reduce Yu to some value less than 10°, Finally, proper
roll orientation would be achieved such that the antenna
rotation axis is pefpendicular to the ecliptic.

To analyze the first problem, consider the despinning
of the spacecraft prior to the deployment of sails or
antennas. Thus, the spacecraft is essentially an

inertially symmetric cylindrical body with no torques
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acting on it except the despin torque. The initial
despin can most quickly be ‘achieved by the use of a
yo-yo device. Inability to predice the exact value of
initial spin rate makes it impossible to design a yo-yo
to despin the spacecraft to precisely zero. However
such a device can be used to bring the spin rate down
from the 200 r/min initial value to perhaps 2 r/min
where another despin device must take over. In this
case, it aépears that the use of microthrusters would
be desirable. Tiny motors, perhaps using a subliming
propellant and weighing on the order of tens of grams
could do the job of final despin from 2 r/min to zero.
Remembering that the spacecraft is initially nutating
with an amplitude 9'= 10°, it is necessary to analyze
its effect on the despin process. In the earlier
analysis of nutations, the following result was found:

. L,w H
tom 0 = —— & = Hb (2-21)
k)

0,

The nutation amplitude is simply proportional to the ratio
of the transverse angular momentum to the spin momentum.

Thus as the despin motors decrease the spin momentun, e’
will grow until the spin rate, GJ} » goes to zero at which
time 0 =90° and the spacecraft tumbles about a transverse

axes at the rate @&,. It is thus imperative that the nutation

be damped out as the spacecraft is being despun.
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4.3 Despin With Passive Nutation Damping

We next examine the possibilities of passive damping.

Most dampers are designed to be most effective at a specific
spin rate, that is, they are tuned to a specific driving

frequency. These dampers have highly "peaked" dissipation.
characteristics; they're very effective at their tuned
frequency but are very poor dissipators at other frequencies.
In this case, since the spin rate is constantly decreasing,
it is more desirable to have a damper which is more
effective over the entire spin interval. The viscous
damper has this characteristic. Consider the configuration
shown in Figure 4.2 where_two microthrusters provide a
constant despin torque and a viscous damper mounted
parallel to the spacecraft spin axis damp nutations.
The condition for a stable despin is é'<19. Remembering
Equation (2-21), this means that the damper must decrease
the transverse angular rate proportionately as fast as
the thrusters are reducing the spin rate. Thus we should
be able to find a stability condition in terms of the
thruster and damper characteristics., This is done by
invoking the energy sink approximation to the motion,
in which the damper is modeled as a passive device whic?

simply extracts energy from the dynamic system. Using

this approximation:
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H= T,0,7, + pOTANY +,L‘oo,‘ﬁb (4-1)
HY = Towf+ 1)« (4-2)
4
T = "é,‘[IefOt + I‘mﬂ (4-3)
And from geometry .
e Loot
Q= HZ (4-4)
- : 2 % 2 -
From (4-2) Itai-= H_"IQQ% (4-5)
Using (4-3)  Tieg = T,[aT-T,i] (4-6)

Therefore, (4-5) becomes
¥ T(T-Ty) (4-7)

Substituting for wt in Equation (4-4)

. IB (l:[?rr‘"('ﬁ-\
w0 = I%,"T-e HZ (4~-8)

Differentiating with respect to time

éo _ | [L:I, (l’l'i'—Z.Tl:‘n]
T oswm@wd L(Ty-Ty WP

(4-9)
4 - oy .
Thus for l;e £ sis » the stability requirement @ <0 gives

T< —'?—_{Lﬁ@ (4-10)
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Since T< 0 and H< O, the stability requirement can be

written as

a

. 2T ¢y
17| > 7 (W (4-11)

For this case, . .
T ==-Maw, + T

‘ ? e (4-12)
where M is the despin torques exerted by the thrusters.

And H:-—M

Using Equations (4-2) and (4-3):

_2;':__ Ei 2,9 ‘1 \ .
H "[Ibt"”‘g*iw?mg (4-14)

Therefore, Equation (4-11) becomes

-, T . 2 A% : )
lTan..F,,\ > [TE 0, €03 0 A A w,’l\M{ (4-15)

Equation (4-15) represents the stability criteria in
terns of the damper energy dissipation rate and the
magnitude of the despin torque. Now, to find fﬁbmpr
we must find the bodyaccelerétion at the damper due to
the nutation. Let R be the vector from the spacecraft

center of mass to the damper attachment point P:

R,= X,y + Z ok, (4-16)
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The angular velocity with respect to the body-fixed
axes can be written in terms of the nutation Euler

angles as

We= Oy’ + ¢'su'se" (4-17)

o, = bley'so’ - §'sy (4-18)

@y= Y+ §'co’ (4e1)
Differentiating:

W, = (Soy'-6'P'sy's $’sq:'se'+ 43'4p'c«p'so'; $'6'sy'co’) e20)

' =20

Dy = ($ed'so’~ §p'sylse’s T d'eq'ed’ - Esq ™ Oew) (4 o1,

wy= (P'+ $'ca’-4'¢"co) (4-22)

The absolute acceleration at P is

a, < 4;:; xR, + B (B Ry (4-23)

Applying Equations (4-16) to (4-22) to (4-23):

al = 25’50y +22,4'8'co'cy- 2,6 '5p"- 2,4 Stociphax eSosyeyl 4-24)

[X 1A » ] 'S [ . 4 v . .
- 7"99' S g 7= VO o " 7,y e 2o 2o'sg%y’

[ X3 ‘e . v ‘. AN “e
Oy = =%, 8 ey’ - 2,4 s0'sy'- 22,46 co'sy + P U 2 - (435
Xp9'6 50" + 2p 9750 Y+ Rp b0 s Y Y ~ 7,0 LY SY!
: “%y$0'50'S™" + 2,6 056" CY’
c«.; e-%,4'se’ W -2 6O e + G 5P +2 7,6 P Pt (4-26)

2 2

__qu‘,'lsevcgoswv” 2? 4','3. stg'_i.'d; s 9'0’\0’-{- 1%,@'@'99'5\0'
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Since the damper is mounted parallel to the z axis, we

are only interested in the tl}component. Using the

assumption that the nutation amplitude is small and

that it changes very little over one cycle:
6 << 4

év) é"<< z:};' 4")'

Equation (4-26) can be simplified to
a; x 2, (20'¢' 4"~ 0'¢" ) siny"

Note that the acceleration is cyclic in 1}’"

The nutation rate was found earlier as
LS A
¢ Itce'wz'
Y ;v ?'_ r
Hence P’z -l = (- .%)wz,
Applying these two equations to (4-29):

aj = m Dl [3D-2]sim (D-Nayt

where D= _E.t
L,

(4-27)

(4-28)

(4-29)

(2-41)

(4-30)
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Theegquation of motion for the damper mass is:
M Ayt & (o= dp) = O
m S 4 b 5y ==md, (4-31)
" °
where de= Oy
and $S,= dw—-4?= relative'displacement of damper mass, m.

Writing the driving acceleration as

:LP = Asimat
(4-32)
Taking the Laplace transform of (4-31):
A w
g) = =
8(9) s (s+0)(s+o) (4-33)
co b
where = m (4-34)

Taking the inverse transform gives a steady state

solution: |
{ cos (et = )
5(6) = - Co[ - 9 ‘/z]
AWz w? (¢ 24 %) (4-35)
/)
where Y = o o (4- 36)

) 2
The power dissipated by the damper is given by .&(S(Q) .

* st LA s (ot -~ ) :
= —— - 317
’ T"‘“’“Ws (6% o) (4-37)



The average power loss is then

‘-4 l= L 4N
ovper

4-38
2 (o5 ot ( )
From Eguation (4-30):
= Z' | _

A= %Dy g (30-2) (4-39)
(4-40)

Therefore, the energy dissipation rate becomes:

) - & dmpeboGoaf

ela.mrcr 2’ [0’14' (D_‘-)zco:'] (4-41)

Putting this result into the stability condition, Equation

(4-15)

a v2 %
% 4 0’5\)‘;9 [3p-2) >[ D.w}CQ'W’Q"" w}ce',. wg]lHl
[U”.y.(l)-law:v] (4~42)

Using the assumption 9'444, the right hand side simplifies
to give
2
D, co'tan’ 0"+ w,y 00" -0y == wsf_ve'ﬂi- % -1]

x @0 [0-4] (4~43)

Thus Equation (4-42) becomes

4 eRrdinal s [y gy

& [d*+(0-0*m;] (4-44)
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Note that for any given system, the only variable in the
above relation is the spin rate 607 . Thus it is obvious
that the above inequality cannot always be satisfied
as "J? goes to zero., Writing (4-44) as an eguality

: . . L
results in an equation which can be solved for

3

+ the

spin rate below which the motion diverges:
Y -lo. #3 A \ &" 2 |
_«PI'KIP D [30"1 003 - 2(v-\) (D-‘-’:ﬂ\\‘“w} -0 (Q—-Jlﬂ\:() (4_45)

For most systems, (:J; will be small so we can make the

. 2«2 R x . . .
assumption that (D—l) COB << ¢~ , then 0)3 is simply

€ a(p-L)Mi4
3 T oty D*(3-2y

w (4~46)
*

Note that as expected, 605 varies directly with the despin

torgue and inversely with the squares of the damper mass

and the distance from the spacecraft center of mass.,

For typical values:

[M\ = 40 dyne-cm. mo= 4 gm.
D= k=5 %y = 20em.
L.

'{7 = 4 c\:%u—.étc/cm.

W, * 24 v/mn
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To get an idea of the best that can be expected from
passive dampers, similar calculations were carried out
for a tuned pendulous damper as shown in Figure 4.3. It
is assumed that as the spin rate decreases, the spring
and damping constants also change to keep the damper always

(6)

tuned. Lim's analysis of this damper resulted in

the following expression for power dissipation:

hd 1A 2 2 |
iT*“"‘Y"\ '\'5“" 'ﬂ\fz e (\+S)D(D-\)(D—?-)°0;/a\ (4-47)
where b = e
» £
)
Q = "'&'-;:

v
0, = maximum 6 expected
Ow = maximum allowable damper deflection
2, = length of pendulum arm

The resulting expression for the critical spin rate is

w"’z____ l(M‘)[D""{{ [
é M= (1+8) D (p-0)(0-2)

" (4-48)

For typical values:

D=1.5 Uy = 60°

76‘,:20 om, o = qu.

L =40 cm.

ev - 20° iM“: 40 dyne - em.
o

oo'; ~ 122 Whin
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4.4 Actively Pitched Thrusters

With the failure of passive damping to provide a
stable despin, the next step was to investigate the
possibility of active nutation damping. This.can be
accomplished by pitching the thrusters so that.they
produce transverse torques as well as despin tdrque,
as shown in Figure 4.4. Pitching of the.thrusters
can be controlled to accomplish all three objectives:
(1) despin, (2) sun-pointing, and (3) active nutation
danping. To determine a workable pitching scheme, the
torque requirements must first be determined. Returning
to the equations of motion developed earlier, (2-34) to

(2-37), the nutational equations are:

1,6"-T,4"%0'co’+ T d'w,50"= N

(4-49)

I‘(iﬁ'se'a,z.&‘é'ce') -I} é'oo;. = N,o (4-50)
oka.) ’

3 aE N (4-51)

- ,\i}v+ d)'CQ'

. . . b.,
If we once again use the assumption of steady motion, 6

can be ignored and the effect of the thruster torque over
one cycle 1s negligible so that the nutation rate is still

the torque free result:

¥ st
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Solvihg for é'in Equation (4-50) gives:

o = Leds0'- Ny

T (4-52)
T3w£- "QIt 43'69
Differentiating (2-41) to get éﬁ'.:
5 = Mo o'+ I, Wu6's0’
I,c*e’ (4-53)

Substituting Equations (2-41) and (4-53) into (4-52):

LN - Nv' - N,—g '(Tw)x, 9'
T, 0y (14 tan*Q") (4-54)

This equation shows two separate effects that torques have
on the nutation amplitude. The first is due to torques
acting along the Y'axis; a negative NY' tends to reduce
nutations. The second effect is that due to the despin
torque. As described earlier, nutations will grow as

the spin rate is decreased simply because the nutation

is proportional to the ratio of transverse angular momentum
to spin momentum:

' Ny PR

Nq, effects a)e‘whil‘e Nao'_effects 7603 . Thus Equation

(4-57) gives the cond;‘.ti’ori for stable despin (6°'« O)a

N\(o < Nl,famg'
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or since both Nyv and N_. are negative:

(Nv" > lNz’l tam ©° (4-55)

This condition simply states that for nutations to decrease
the N.‘,v torque must be large enough in proportion to the
N*‘ torque to keep the ratio of transverse to spin
momentum always decreasing.

The precessional equations for "high" spin rate

gives the following result:
(4-56)
Thus to reduce Guy a positive NYm/ torgue is required.

For two thrusters mounted on the 4+ and -% axes and

pitched at an angle M, the torques are as follows:

Ny = =M sim m sim ' (4~57)
Ny = M sinm cos ' (4-58)
Ne = ~Memsn (4-59)

Transforming to precessional coordinates:

Ny = ~Msin n(co'sy’ ~s¢'cy'co) ~Mesns¢fser |

N

Yav

= Msinm (- s¢'sw'+ c¢'c9'c'~?') + M encd’se” (4~61)

Ng”:.-"MM'YI (4-62)
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It is assumed that a passive damper has brought @' down
from its initial value to 10° to some very small angle,
so that 9'4<i .« With this assumption, Equations (4-60)

to (4-62) simplify to:

Ny, = ~Msinmsim(@'+ ¢ = ~Msimysimny

(4-63)
Nyy & M simmeos (447 = Msimyeny (4-64)
Nz, =-Mern (4-65)

Remembering that the requirement for reduction of nutation,
9', requires a negative Nw' torque where. Nv' is given
by Equation (4-58). Thus this requirement is met if m

is switched such that sin M cosY' is always negative. The
condition to reduce Oav reguires that N..,m, always be
positive; thus M must be switched so that sinm cosy always
remains positive.

20 sinm wes P <
9 = Nws Yy < 0 (4-66)

é.v<0 = smmesy >0 (4-67)

Note that they are not always compatible; hence one possible
switching scheme would be to switch between i"\, when the
two requirements are compatible, and to set = owhen they

[ ]
are not, as shown in the following table:
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+ n=0 nE+m,

— 'V\:-If’kc 'Y\:O

The above scheme will achieve all three objectives:
despin, sun-pointing, and nutation damping as long as the
‘assumption of steady precession and nutation are valid.

For -thrusters producing 40 dyne-cm of torque, and n,= 10°,
it was determined that the minimum spin rate for validity
of these assumptions is approximately .5r/min. 'Thus,
whereas with passive damping nutations can be controlled
only down to about 2 r/min, with this active scheme we

can do so down to about half an r/min. Therefore, using
this scheme, we can expect to reach the following conditionsz
(a) % axis pointing closely to the sun, 8p< 10°; (b) very
small nutation amplitude, 0'2<4 {c) CO}': .5 r/min. At
 this point, the switching thrusters scheme will no longer
work and "\ must be set to zero to produce only a despin
torque. It was hoped that in the final stage of despin
from .5 r/min to zero, £he restoring vane torques would
prevent the motion from diverging too much and that the
résﬁltinq motion would be a simple libration which could

be damped out by moving the vanes as described earlier.,

Further analysis showed that this does not happen.
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4.5 Final Despin

To investigatebthe motion.at1605= 0, consider the
configuration shown in Figure 4.5. ‘For unpitched vanes
(p=0) , the torques produced are purely restoring, that is,
only Ny torques are generated. Since the K-axis is
always perpendicular to both the 2;a_xis and the Z#-axis,
the component of the total angular momentum along these
two axes must be constant in time:

He, = Iisinod + 1,000 0 = const. (4-68)

H; = Ii('\i)-y ¢ mg) = Ipwi = const. (4-69)
In order for the motion to be a true libration, it must

pass through =0, Thus for this condition, the above

equations give

H*’s: I%(’W+¢\= Izw* (4-70)
‘_lz = I.a CL)E (4-71)
Therefore, Hi:: Ha.= c_onstant (4-72)

Thus for 6)_1=0

H,=H =0 (4-73)
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Hence, Equation (4-68) gives:

b= 0 (4-74)

'\V =0 always
The conclusion is that for the condition ®,=0, the motion
will pass through ©=0 if and only if the motion is a true
libration. The condition for librational motion is
C°a= @’= $ =0, as seen above., However, for our case where
we are despinning from some initial value of @, down to 
Wz=0, the precession rate, é, does not approach zero as
Coagoes to zero} on the contrary, <§ tends to increase
in magnitude as the spin rate decreases. Thus it is

evident that when ®,=0 is reached, 4 and % will not be zero

and librational motion is not possible.

wE'—‘-'\E) +C§)CO’J9 =Q

r\i} = ~deno
. . (4-75)
L) $#0
Thus the general solution,at ®,=0 is given by:
4):: H'ES - .
T, sm* 0 (4-76)
A = - Heao20 (4-77)
I, sw

H, # O (4-78)
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An analytic solution which completely describes the motion
in this final stage of despin is not possible, so a computer
program was used to numerically integrate the complete

general ‘equations of motion that were derived earlier:

T8 ~T,$*s0co+ L;60,50 = Ny = (@i xH)y  (2-34)

I ($so+2$6c0) - I, 00, = Ny = (Biex ﬁ)., (2-35)

ol =
I, 5 = Na- (&isx H), (2-36)

(/3‘,_'-‘- ’\P+qﬁ09 (2_37)

The spacecraft is assumed to have the configuration shown
in Figure 4.9 where the microthrusters provide despin
torque and the unpitched reflecting vanes produce only

restoring torques, NX' The parameters used are shown

below:

Moments of Inertia: Ie = 2.8 x10° 3m-cm" , Iz= 4.65 X10° gm-cm?

Vane constants: oL =70°

B =0

Area = 125 mt

Thruster despin torque: M= 40 dyne - cm,

In the program, the thrusters are cut-off when @,$0is
first reached. The first run was made assuming no initial

nutation; the initial conditions used were:
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o,=T7"° Wy =0
¢ =0 @y, O
Y, = 0 Wy, 7 I8 v/min

The resulting motion of the spacecraft % axis about the
sun line is plotted in ©- ¢ coordinates in Figure 4.6,
Note.that initially the motion is a very slow precession.
However, as the spin rate falls below ~ .1 r/min, the
applied hh<torquesProduced by solar pressure on the vanes
are suffi¢iently'large in comparison to the angular
momentum of the spacecraft to cause a nutation to build
up in addition to the precession. Note that at this low
spin rate, the nutation rate becomes comparable to the
precession rate making it impossible to separate and distinguish
between the two motions. This coupling becomes more
pronounced as the spin rate decreases. At aEfO, the
thrusters are cut off so that the only torque acting is
th¢ restoring torque due to solaf pressure on the vanes.
The resulting motion is a pseudo libration-precession of
the spacecraft ‘} axis about the sun line. The open
elliptical paths are traversed at approximately the
libration rate (~50 minutes). Note that because there
was no initial nutation, @ never exceeds the initial

value of 7°.
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The next case studied assumed an initial nutation
amplitude of about 30'. This is a more realistic
condition than the above because if we assume active
nutation control down to 1 r/min, the residual amplitude
at that point can be expected to be on the order of

about half a degree., The initial conditions used were:

0,=17° Wy = 0l v/min
4)0 = 0.. qu‘f-' O r/min
'\P,= o° vw’.‘i' .0 r/yﬁln.

The resulting motion is plotted in Figure 4.7. Note that
initially the motion is very well described by the "high"
spin rate approximation -~ a superposition of a fast
torque free nutation on a slow torqued precessioh. The
plot shows that as expected, the nutation amplitude increases
as the spin rate decreases. Once again, when Wg goes to
zero and the thrusters are cut-off, the resulting motion
can be described as a pseudo libration-precession gbout
the sun at approximately the libration rate. Note, however,
that because them was an initial nutation, the motion is
more irregular and diverged cpnsiderably from the initial
value of ©=7° to a maximum value of about 30°.

A third case was run with initial conditions based
on the assumption of passive nutation damping down to
2 r/min with no further damping after that point. Thus

the initial conditions used were:
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90 = 70 wx.= . 02.4 r/m.‘ﬂ
d)o =0 (A.)“.t' 0
’\Po =0 w}ef' -‘5 T/h\in

Again, the motion at W,=0 is an irregular libration-
precession with the period of about fifty minutes,
(Figure 4.8). Howevef, due to a larger initial nutation,
the motion-diverged considerably to a maximum of ©%83.5°]
These results emphasize the critical need to control

nutations at very low spin rates.

4.5 Difficulties With the Despun Configuration

It appears that the completely despun configuration
contains inherent difficulties which may be very difficult
to overcome. The first is the sensing problem. Since
the scheme requires that W;=0 be detected, the sensingqb
method used must be able to measure(ﬂzaccuratély.
Remembering that a&=ﬂﬁ+$c9 and that a sun sensor‘can
only measure WY and not ¢ , we see that in the ﬁhigh"
spin rate regime,|¢(4<\“w, so that Cdzﬁ=ﬂ) and hence
a solar measurement of'@ gives an excellent indication of
CQ; . However, as the spin rate approaches zero, l@l

.becomes comparable to \ﬂbL so that solar sensing cannot’
be used to detect wz=0. Tﬁus another sensing device
would be required, adding to spacecraft complexity and

welght.’
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Thé second difficulty is the need for complete
nutation control at low spin rates. The above results
showed that even tiny residual nutations can cause
wildiy diverging motions when @, goes to zero. Associated
with this problem is that of how to damp out these
motions to achieve the required initial orientation.

Both of these problems could possibly be solved with

the use of a much more complex control scheme, but again,
the entailing weight and complexity make this solution
less than desirable.

The final and most inherent drawback of a completely
despun configuration is its sensitivity to disturbance.
Unlike a spinning configufation which possesses an inherent
"stiffness" due.to its angular momentum, the despun
spacecraft is very susceptible to impulsive torque
disturbances such as micro-meteoritic impact or outgassiﬁg
from a malfunctioning component. Thus even if it were
possible to initially despin and orient the spacecraft,
any disturbance would necessitate a re-orientation
during which time the signal received at earth would be
diminished or lost. |

In view of its many inherent drawbacks, the despun
* configuration did not appear promising'and was not - ’

investigated further.
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Figure 4.1 Possible despun configuration
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t% <+ _ microthruster

Figure 4.3 Despin scheme with tuned pendulous damper
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Figure 4.4 1Initial orientation scheme using pitched thrusters
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Figure 4.5 Final despin configuration
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©,=1°
w,‘o'-: 0.0

“’sf 0.0

w’ - als r/”“‘-\'&

Figure 4.6 Spacecraft motion at final stage of despin



6,=7°

a)x.= -o' r/m'wv
Cds’ = 0.0
wbe .0 r/mon

=30+

Figure 4.7 Spacecraft motion at final &tage of despin
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CHAPTER 5

DUAL SPIN CONFIGURATION

5.1 Configuration Description

All the difficulties in the despun configuration
stem from the basic condition that the spacecraft has no
angular momentum (aside from that due to orbital rate
which is negligible). However, it was required to despin
the spacecraft in order to maintain proper antenna
orientation. The classic solution to these two conflicting
requirements is a dual spin configuration where the
sectibn of the spacecraft on which the antennas are
mountea is completely despun while the remainder of the
spacecraft is maintained at some high spin rate. For
this configuration, all the difficulties encountered in
the despun spacecraft are eliminated. The sensing of
Wa is greatly simplified because for a spinning configuration,
@f@ thus solar sensing of @ is an excellent approximation
to W,. The effect of nutations on spacecraft dynamics
become far less critical because the nutational and
precessional motions become uncoupled (assuming that
the spinning section has sufficient angular momentum)

and the overall dynamics can be modeled as a fast torque
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free nutation superposed on a very slow torgued motion
("high" spin rate approximation). Any existing nutation
can be’damped out by passive dampers. The final advantage
of tne dual spin configuration is that it is less vulnerab}e
to disturbance torques.

There are basically two possible dual spin configurations.
The first is one. in which the sbacecraft isrsimply divided
into two sections, one spinning and one despun. Such a
design is shown in Figure 5.1 where section B containing
the antennas is despun while section A containing the i
saills is maintained spinning at a high rate. The difficu;py
with this configuration is that the required bearing
between A and B would be eubjected to the space environment
and‘therefere presents lubrication problems. Also, the
bearing would have to be electrically conducting in order
to provide power for section A. Since.failure of the
. bearing would be catastrophic to the mission,.a second&
configuration as shown in.Figure 5.2 appears moredesirable,
Here, the entire spacecraft is despun except for a small
contained momentum wheel. In this case, the entire
momentum wheel system would be‘sealed and hence free
from the effects of the space environment. Another minor
advantage of this design is that the momentum Qheel L
has eesentially no enefgy dissipation;in the earlier

configuration, any flexible parts in .the spinning section,



76

such as the sails, provide energy dissipation which adversely
effect the nutational stability of‘the spacecraft. This
topic will be discussed in a later section. The principal
disadvantage of the momentum wheel system is the WGight
penalty due to the momentum wheel itself. Whereas in the
earlier configuration, components of the baslic spacecraft
provide the spin inertia, this second design requires a
separate wheel which serves no purpose except to provide

spin inertia. It was decided that because bearing reliability
is so critical to the success of the mission, the greater
reliability of the momentum wheel system far outweighed the
penalty in extra weight involved.

Before proceeding to study the dynamics of such a
configuration, the moments of inertia of the spacecraft must
first be determined. The spacecraft can be divided into
three separate components: (1) an inertially symmetric
body, (2) an inertially symmetric momentum wheel, and

(3) a pair of rotatable yagi antennas.

[I]‘/c ) [ I]b0d$+ [ I]u\\oel * [ I]antumu (5-1)

where these inertias are calculated with respect to the
body~fixed axes {x,g,y} . First of all, it is obvious
that as the antennas rotate to track earth, their inertias

with respect to the "b" system will change.: The effect of
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the rotation is to make the body axes no longer principal,
; o T 9

In fact, they will be principal axes only for ¥=0,x , U,

s , .

.» ™%, where § is measured from the % axis. 1In general, .
rotation of the antennas through some angle § introduces
product of inertia terms. Because the rotation is about
the X -axis, this axis is always principal. In general,’’

then, the inertia matrix of the entire spacecraft will-be:

I, 0 © B © © I O 0
[I]s =lo I, o |*|o B o|T|o LM T,
% o I, o o C o T T, )
I, O o |

o I, TG0
0 Tp®  T,0) (5-2)

The antenna inertias as a function of the antenna
dimensions and the rotation angle g are worked out in
Appendix C. It turns out that because the antennas are

s0 massive, their inertias dominate., Typical values are: -

T> ~ 29x10°
~ 372 x10°

—
w p
[

3 x10°

—
,
R

£ oX10°
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5.2 Momentum Wheel Specifications and the Roll Control Loop

The purpose of the momentum wheel is two fold: £irst,
it provides the spacecraft with the required angular
momentum; and secondly, it serves as a momentum Source=
sink which exchanges spin momentum with the main body to
counteract roll disturbance torques. The minimum required
angular momentum is determined by three factors: (1) the
required "stiffness" to disturbances; (2) passive damping
efficiency; and (3) validity of "high" spin rate equations,
The last requirement is, the more impértant one; the wheel
must provide enough angular momentum so that "steady"
precession and nutation are possible £hus avoiding the
coupling‘between the two motions which results in the wild
gyrations seen in the study of.the despun configuration
at very low spin rates., For this dual spin configuration,
the dynamical equations are identical to those derived
earlier except fof the additional spin momentum term
due to the wheel. Thus equations (2~34) to (&-37)
wfitten for this configuration\becomes {(for the moment,

still assuming a symmetric spacecraft):
I,.6 - Teprsoco + (Lm,+ CQ,) 5o = Ny - (@ixf), (5-3)

I, (650 +246c0) - (T,0,+cn)é = Ny-(@uxH), (5-4)

:tiE (I}wi+ CQQ = Na= (BsxH)z  (5-5)
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where I, is the transverse inertia of the én£ire spacecraft
while I) is the spin inertia of thg spaceéraft without

the wheel, C is the spin inertia of the wheel, and 1,

is the wheel spin rate. Optimally; W,=0 so that the

equations become:

I,6-1,¢%s0co+ CQ . $50 = Ny- (@ x H), (5-6)

I,($so+2d6co) - ca, 6 = Ny - (B,xH), (5-7)
d.a SR »

C 76:?-‘ = Nﬁ - (w“xH)‘a (5-8)

The wheel spin momentum now plays exactly the same role
as I;CQE did in the single-spin configuration. It was.
determined earlier that a lower limit of .1 r/min would
ensure the validity of the "high" spinlrate assumption.
Adding a factor of safety, let us say that the minimum
allowable equivalent &, is .3 r/min. This gives us the
minimum spin angular momentum which the wheel must provide.

Assuming I; = 3Xl0'3n-m‘ then:
c, = (3x10")(.03)
wmin

= QXIO‘ 3m-cm"/scc. »

Take f],n“~= 5000 r/min, then:
C=tgxo*t %m-m"

Assume the following wheel configuration:
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n =3 mm
Voa=6 om
Then m -—_._———(r'l"' r’ﬂ = C
2
m = 300 gm.

Thus, a momentum wheel weighing about two pounds is
reqqired. Assume that the motor saturates at 104

r/min, then the wheel operates within theAinterval

5000 r/min to 104 r/min. When either of these limits

is reached, a correcting torgque must be provided to.

keep the wheel speed within the allowed interval. Thus

in the dual spin application, the momentum wheel operates
about a bias instead of about zero as in more conventional

applications.

The nutation rate is now given by:

] CQ;_

¢ = I.co’ (5-9)
.o - - CQ
Y Ty (5-10)

Thus, .03 rad/sec :?lﬂP'\ & .06 rad/sec. The damper
can therefore be tuned to this range of frequencies.
For the study and design of the roll control loop,

the following model can be used:
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Vo .
S 13 v KmCS L g |
spfed Ko |l—t  c | i PGl E
Amp. Compensation  Motor

Two types of compensation were studied and compared:
(1) an integrator system, and (2) a lead compensation -
system. The latter was rejected because for a constant
; L ()= ke wi

~disturbance torque, D » the roll error grows with

time. The following integrator compensation system

appeared superior:

Ky

. S +§ Ve
. +

The open loop transfer function is:

__5@ - KA ch (KI"'s\
X0 I?‘CMS’(S+ 2, (5-11)

Thus, for stability,

i
Ka< o (5-12)
The response to a disturbance torque is:

S _ TwS +4 |
L, (5) Iisf(TMs+\)+l<“ch(k:+s) (5-13)

For a step disturbance L,=-g*:

L ,

se L.s.z ‘m— (5-14)
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By specifying a maximum allowable roll error for a specific
disturbance torque, the forward loop gain K“Knﬂ<: is
determined with the restriction that \(;<%;. Specification
of other dynamic parameters such as the damping ratio
further defineg the individual gains. Design of the roll
control loop is a straight forward application of linear
theory and will not be shown here. In the final stage

Qf initial orientation, the roll error would normally be
very large, resulting in a very large error signal to the
roll loop. This situation would also occur if the RF
roll reference uplink is used approximately every twenty
four hours to correct the error build-up due to sensor
inaccuracy. These large error signals would saturate

the motor amplifier. Thus a nén—linear analysis was

also undertaken to determine the systém response to

large signals. The motor was modeled as an ideal relay
and the "switching time" method used. It was found that
for roll errors as great as 40°, the settling time was

on the order of tens of minutes which is perfectly
acceptible. The methods used in this analysis are Weli
documented in references (10) and (11) and hence will

not be shown here.

5.3 Spacecraft Dynamics

The momentum wheel is designed to provide sufficient

angular momentum so that the "high" spin rate approximation'
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to the motion is valid. The dynamics of the spacecraft
can therefore be modeled as a sum of two uncoupled motlono,
a fast torque-free nutation about the angular momen tum B
vector superposed on a slow torqued motion of thc anoular
momentum vector, Thus, we are allowed to analyze the
two motions sepérately. |
Nutations are not as critical to the motion of a
dual spin spacecraft as they are to the despun configuraﬁion.
For the spacecraft with spin, a passive damper mounted
on the spacecraft body provides more than adeéuate
nutation control. The only factor which requires
investigation is stability; it must be determined whether
the damper actually damps out nutation or whether it
reenforces it, causing the motion to diverge. For
single spin bodies with energy dissipation, the well
known major axis rule applies ==~ only spin about_ the
major axis of inertia is stable. If we were to apply
this rule to our case, we would conclude that the
system is not always stable, for as the antennas rotate,
the spin axis ceases to be the major inertia axis.
Investigations into the stability of dual spin bodies
have shown that the “majof axis" rule does not apply
to such configurations. In fact, therresult is that
when the body to which the damper is attaghed is at-

rest (while the rotating wheel contains no energy
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dissipation), a dual spin system is assymptotically
stable regardless of its inertia distribution. For

the worsf caée, where the body containing the'damper is
spinning in inertial space and the wheel is at rest,
the stability condition reduces to the above "major
axis" spin requirement. Thus the general conclusion

is that damping on the despun portion of a dual spin
system adds to the stability whereas energy dissipation
in the spinning portion is detrimental to stability.

A stability analysis for the specific spacecraft

configuration is shown in Appendix B. The equations of

motion are satisfied by the following solution:
wr_ e 60,‘- &J‘= Q
Z=0
(5-15)
Q= 0,
where @ is the angular velocity of the main spacecraft’
body referred to body-fixed axes,f). is the spin rate of
the momentum wheel, and % is the displacement from
equilibrium of the damper mass. The stability conditions
for this solution are:
wnd.”
B (B-60)

1 .

>.___‘..n..._-
47T -c (B-61)

I, >

Both conditions are always met for the given configuration.



85

When studying torqued motion, only the spin momentum
of the wheel.neéd be considered. Because the non-spinning
body ;s essentially stationary, its inertia can be ignored.
Thus, the "high" spin rate equations derived earlier are

valid, giving:

c,ncésiwe = in- CO o © sfml‘)

(5~-16)
006 = -Ny = COBwcos & (5-17)
ca = Na (5-18)

To find the equilibrium point of the motion, set $==é= 0.
_ N (o)
COQw o (5-19)

Ny (6) B
e Oig (5-20)

$WL& =

Lrd # = -

2

Hence, 4 = (-—-;--Nc"gn + Nt(@)\ E‘?)_l‘??: : (5~21)
L5

For solar pressure torgues on vanes, the erecting and

precession components are well approximated by

Ny (8) = K_,‘sece (5-22)

Ny(e) = Kyseco (5-23)
Thus (5421) becomes :

s*o™ (Ky + Ky c*o*) = cnro
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For small 6",

e* o Cﬂ(")fs

© \RErKT (5-24)

{ L
And wh §” = - Eh%% ~ (5-25)
Thus, for a precessing spacecraft such as Sunblazer where
Ny<< Hais + the equilibrium position is $* 4 90’ and g%~ 5°
which means that the average position of the spin axis is
several degrees above the ecliptic as it precesses about
the sun line.

Remembering that with sun sensing alone, a measurement
of t[’ is not possible. Thus precession is undesirable from
an attitude sensing viewpoint. If we could therefore
eliminate precession and determine Ehe resulting spacecraft
equilibrium position,; the need for an additional roll
sensing device would be eliminated since for % =0, wi=1@
and hence a solar measurement of © and Y will completely
specify the spacecraft attitude. To eliminate precession,

Nx must be zero. Equations (5-16) and ’(5-17.) become:

CA W8 sind™ = O (5-26)

CQwWicosd®= - Ny =-K,50"co" (5-27)
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Thus for sufficiently large TUY:

¢5-

gtz CL2:s 3
: k"l’r (5-29)

130" (5-28)

The equilibrium position for a non-precessing spacecraft
is therefore ’} in the ecliptic making a small angle o*
with the sun line., This result can be intuitively
reasoned as follows. If there are no £ogqﬁes aéﬁing

on the spacecraft, the momentum vector would femain
pointed iﬁ the same direction in inertial space as the
spacecraft orbits tbe sun, resulting in loss of sun

pointing as shown below:
. 2

Thus, if the spacecraft is to be maintained sun pointing
without precessing a sufficiently large erecting torqué
(equal to the spin momentum times the orbitai angulaf
rate) is required. Since hhgis proportional to é (for
small @) this results in an equilibrium position |
¢*= 180° aﬁd 0=0"% as derived above. Simply.becéuse

we know that the spacecraft % axis lies in the ecliptic

 plane,'a_simp1e solar measurement of @ and ﬂ’allows complete
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determination of the spacecraft attitude thus elimihatihg
the need for a second vector measurement. Note that
since the wheel spin rate varies between 5000 r/min and

4

10" r/min, the equilibrium point will vary between o*

corresponding to the lower spin momentum state and @**. 20%

corresponding to (L= 104 r/min.

5.4 Production of Control Torques

The control torques required are an erecting torque
to maintain sun-pointing, and a spin torque N, to

desaturate the wheel. The required NY is

N

(5-30)
< A9 clgne-c.m.
The control requirements are: (1) maintain 9 in

the interval 2°¢0<£10° and (2) main_tain wheel speed in
the intervai 5000 r/min§(1§104 r/min. The lower limit
on @ stems from the fact that sensor sensitivity in Y
décreases rapidly as O becomes small and in fact at
@ = 0, solar measurement of 4 is lost completely. These
two distinct attitude control requirements necessitate
the ability to generate Ny and Ng independenély of each
other. |

Using pairs of identical vanes such as on Sunblazer

results in coupled quand PJi torques, that is, for a
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negative pitch angle, negative erecting and spin torques.
are generated, whereas for positiVevpitch, the reverse.
occurs. The reason for this coupling can be seen as
follows. Consider a pair of vanes mounted on opposite -

sides of the spacecraft and pitched at some angle 8 :

Z o
\ 0
] \
\io
; < ©
?0‘\ / ‘h \ 7
~ :‘f E'YG'————P'Y
h E
o\

| /¥ Fl®

Light reflecting off the vanes create resulting forces %D
and E@' The components F\O and Fha reenforce to produce

a roll torque; Fﬁm and F%D' on the other hand, create
opposite erectihg torques, however they do not cancel
since 'F‘IQ;>‘P1®‘ due to the fact that ig<¢ iy, Thus it

is possible to produce roll torque without also producing
an erecting torque only if 8= 0. If we controlled the
pitch angles of £he vanes independently so that QD=Q3‘
alwéys, NY would be zero, however a net preceésipn torqué
‘results which is unacceptible. The difficulty in
separating the roll and erecting“torques when using
vanes is that dn1y a single reflection occurs so that

a "bias" results when @ is not zero and the NV torgques”
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created by the pair of opposite vanes dé not cancel, This
prompted an investigation into light pipes which essentially
transmit light by total internal reflection. One can

think of such light pipes as nozzles through which‘light,'

a flux of momentum, is carried and then discharged. o
These “"nozzles" which are maode up of many individual

fibers (~50wm in diameter) can be rotated to give

torq#es about any desired direétion. Because so mahy
reflections occur within the fiBérs, the above "bias"

for © not zero is eliminated. Consider two séts‘of‘light

pipes mounted on opposite sides of the spacecraft:

Z(6

®O:D_‘:’o

Experimentally, it is found that the illuminance on the
_egi;wﬁace appears quite uniform independent of the angle

of incidence O . 'This is due to the many reflections which
occur within the fibers which tend to average out the '
directional bias at the entrante;facé. Thus, in this

case, qu = Fp » &nd only a roll tcrqge is produggd»

@
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To determine the feasibility of such a system, its
drawbacks must be investigated. The two principal
weakngsses aret (1) 1light collection ability, and

(2) efficiency. Consider first the problem of
efficiency. There are three loss mechanisms involved
here:\t(l) reflection losses upon entering and leaving
the fiber; (2) absorption losses within the fiber; and

(3) reflection losses at the walls of the fiber.

Reflection losses always occhr whenever light pééébs
between two media of differing indices of refraction,
hence these losses are inevitable. Figure 5.3 shows
the fractional intensity of the reflected light as a
function of the angle of incidence for glass of index
of refraction 1.52. Thus to keep this loss below 10%, the
angle of incidence should be kept smaller than 45°. ‘

Next, consider the effect of absorption} The trans-
missivity 7T for a ray inclined at an angle i is given

by:(ls)

TN = eXp| TRy (5-31)

where & is the absorption coefficient of the fiber material.
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Note that the expression is exponential in ® ki, hence a
short fiber with a very low & is desirable. For most
glasses, X~ 1%/in.

Now we include the losses due to imperfect reflections
within the fiber. These losses can be causéd by irregularities
or defects along the wall or even by films of dirt or
grease on the fiber surface. Due to these factors, a. ~
percentage &' is lost at every reflection. The transmission
expression becomes

TUY = (‘{ .‘a,)"l. exp[:_oil-‘_'r_\:_;_]

7 - sim? (5-32)

where ﬂ_='number of reflections suffered by a given ray.
The transmission of a uniform ray of light may thus be
calculated by numerical integration. It can be shown
that for a 10° incident cone of light in a fiber 50pMwm
in diameter and 50 cm. long (n=1.5, & =1%/cm), the
transmission is 60% when there are no reflection losses
(uf=0). However, when “j=l%, the light transmission
falls to only 4%. This indicates the importance of
keeping reflection losses as low as possible. Thus, at
best, we can expect about 60% of the light hitting

the entrance face of the fiber to emerge at the exit.

A further loss in effective force produced 'is incurred
due to the fact that the light emerges. uniformly in all

‘directions. This could cause a fractional loss of 1/3
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(assuming isotropic emergencé)i Thus, only 40% ofrghe ,
incident momentum flux actually ends up producing £o?§ue .
in this system. | |
Because the light pipes are'rather inéfficient, a
high cogcéntration of light muét be sent through them
to_produce apprééiable forces. Consider the configuration
shown in Figure 5.4, where parabolic reflecting dishes;
~concentrate light on the fiber pipes. Note that light
bouncing off the dish produces undesired torques. The
dishes must be designed so that its center of'pressuré
is exactly level with the spacecraft center of mass,
i.e. 2,4= d, so that no ﬁet’torque is exerted by the
dishes. In order to produée positive or negative
roll torques, theofiber pipe can be made to rotate
- parallel to the 3—axis as shown in Figure 5.5. Another
 difficulty with this system is that the parabolic dishes
become very inefficient light collectors when they are
not pointed directly at the sun; for O=5° over half
the concentration is lost.
To assess the performance that can be expected
from such a system( the dishes are gssumed to havebé
radidsiof'20.cm,,.and the distaﬁcg ‘from the light.pipes
to the center of mass was assumed to be 50 cm. Using
these figures along with the expectgd effiqiency as

discussed above, it was found that the maximum roll torque
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that can be expected is less than 2 dyne-cm. It is
concluded that because of low overall efficiency,"15§££
pipe systems for producing control torques do not B
appear promising.

Solar pressure vanes still seem to be tHe simpiést
and most efficient (minimum weight to torque pfoduééd)
means of producing control torques. Théir inherent
drawback is in their inability to generate roll and
erecting torques independently of each other. Ho@eVef,hl
a deéign was found to circumvent this difficulty. ih
Appendix A, equations are derived for»the torques
produced by solar pressure on vanes. The "averagéd" 
torques (averaged over Y ) are giVen by: |

-3

H av . ZI- - .
reflected Nr = Arco.(\—emtss\'a* ["Lk(s"g(ca c3pr‘+soccp(\~szo(c1,s_ a‘\ s9¢9

~Fu(s"tspcipn)soco + R(ss piptspll—4s % ctp) 5°9) r,]

bsorbed: Thav R
absorbed: ! Areo.-aﬁs-%—_—[Lk(x,sacp-%Ca(cp)sgog_-g'{\.((fgsﬁs‘ocg)
% pse) |

reradiated:

= oy - - R 59 o :

Nrt = Cof il Gemntgem e ],+&&r§ﬁ.°9}

| | o - %)
where ;

C, = __%_, %.Am_ obs . (emiss L - emiss 2)

(emiss 4. + omiss 1)
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‘zf": 50(.0]5 Y‘|= y“o_‘_/cos“
T ,

At (225)

For uncanted vanes, &R = 90°, resulting in the following:

a‘gﬂoc&‘

b= cp Z,20
o2 Sp I (5-33)
A= T

The averaged torques become:

"““’ K [ Fulspeipr }sgcew. (spc‘p+s;(.\--—-c}ﬁ}s e)r]

N‘“’ Ke [“(- sﬁc9s9§+&K(~L spst 9\1 (5-34)
N & cel R vspeo]

where _KVE QTea(\-Msh% .and” Y, = Av‘w.‘aﬂs.‘%

Thus for uncanted sails (& = 90°) there is no precession
torque; as desired. The total erecting and spin torques'
~produced are:

4v 2 K
= -s Lepnsac ~2
Ny plK,c*pnseco + rcese] (5-35)

= glincren(e -2 ok, sto + K“ns’e‘«&‘:g%l
Thus, a positive vane pitch ($>0) results in a negative
erecting tbrque and a positive spin torque, while the
reverse occurs for B£0. These "ayeraged" results caﬁ be
used in studyin§ the initial orientation phase when the
spacecraft is spinning uniformly. For the steady—staté

phase, the sails are essentially stationary and hence



the full unaveraged equations must be used. Consider

four vanes spaced 90° apart as shown below:

Thus: qg@e Y + %'-

'\Y@ < w+“‘
Vo= Y+ i (5-37)

Using the results of Appendix A and Equations (5-37):
Reflected torque: .

N, (4) = K s*0 (s~ p) - 2s0c0spepony sepl{Te-Giepsa) +3 (reped) *’RY‘\‘P’%
+ K\ [s% (stpsty - ) +250C0spep s + IR (T (-nepew) 4 l-neps ) + Kws &
+K, [ste (stpcp - ) +2,30C0 B eg cap 4 Bl T lrcpsa 23k (*f\blig“f\a’;?tmsﬁk
4 Kr[ %9 (.stl’-‘ s'p ~ ) ~ 259 CO spcp sy +c‘p]{’t wlncped) + Frlrepsp)+ Z{,Knv};}

Adding the components individually,

N ¥ Nrg ™ Ke[2s6c0spciaspey vasocospciasweyn]

| 5-39

N,',J N;’m-: Ky ]-258c0 sacip s ey ~ 256¢0 sp g speny r,] :5_40:
- Nx=0 (5-41)

N:‘DJ« N:@_"- Kr[—4r.secespc‘/sc‘ap] (5-42)
N‘;@*- N:m': K,1-4v, s0cospcipsiy] | (5-43)
N;- K,[—4r.secespc’-p] (5-44)

(5-45)

N;@«- N ;@ = K, [2s'0(shpcty - et + actplnisp
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N;@.‘, NQ@: K,.[D.S"Q (s*psty- ctp)+2 Cz{;] nsp (5-46)
£ ND = Ky [anstes’p+ anspeincie] (5-47)
Absorbed torque: .
No(¥) = Kol-s0 spetd + ¢ cp]{'f.‘(-n cOsy) +3ci 0 e ~L, v 58 cnp} .
+Kal 50585 + cocp){tl-vicoct) -For cosy+ R v 5054}

2 (5-48
sK Dsosperp vepep]{Tulrcosn)-Funco el + ky ¥y 56 et )
+ Ko [-505p8 + oI Tu (rcoca) «Tico Sh-Aey S0 5 4L

Adding the individual components:
(3 %
Ne 4 NS =K L2nsecospsyey]
° ® (5~-49)
[ a
Nig* Nig = Ka]-2rsocespsy cy) (5-56)
* Ny =0 (5-51)
Nig* Noy = Kal-2n 5o cosp syl (5-53)
+ Ny = Ka]-2v50¢0 sp] (5-54)
N;0+ ,N:@, = H&[zr‘SIQSﬁciap] (5-55)
N:@-\-— N‘% = K. [D.V" $*6 sp g‘np] (5-56)
N:_ = K&[zr\ s*e sp‘l (5-57)

Reradiated torque:

N, (9 = C,]-s0sgeq+co ¢ﬂ} {?«(—".Cﬁ ) + 7 (1 p )+ Ry s;s}
+C,.{se SASY + co cp}{‘t.‘(-n,cp w)-v:jk (-1, epsY) JQKr, 9/3,} (5-58)

+ cr{s@ Spe+c0 PLLT(nchsw) ¢7i (n i)+ B rispt

+ cr{—sssps/«p+t9615}{77«(n°ﬁ¢4’5 sl nepsw) + R, gf’}
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Adding individual componcels:

Yv v
N O-'r N, = ¢ {:w‘c:,o shepsie np'ls-

26 (5-59)
Nig ™ N = Cy L s spe o ey (5-60)
LNy =0 (5-61)
Ngot Nig = Colmansespep eal (5-62)
NG, NG = Crlransospep sy (5-63)
Ner: C/‘,ft“ék\ﬂ SO ‘ﬁ’zf (5-G4)
N:; 4+ N :2) = Cr{c'?.\r',ef) cp ce% (5-G5)
Neg+ Ni = Cylanspep cof (5-66)
ANy = Cy {4\‘1 SECp C(ﬂg (5-67)

Note that four identical vanes, the resultant torques are:

Ny = 0 (5-68)

Ny = K‘-[' ANsQCOSp C’f»] + Kel-21 %0 CO s/ﬂ -+ Cr[—‘n.n SO SE cp:j (5-69)

Ne= Kelanstosis « 4nsp ey o] ko] 2rs% sp] + CJavspee] (5-70)

Note that Ny and N are independent of ¥ and that once

again for a given pitch anagle, /}, the Ne and szproduced

are of opposite signs. Thus, fox four identical Qanos,

it is impossible to control Ny and tJ& independently.
Actually the system is only rcc_{’u.ired tohe able. fo generate
all the four sign combinations of N\, and N;,‘_: (1) N\.>o.v. N;L_>'O

(2) Ny<0,N;<0, (3) Ny>0,Nz< 0 , (4) Ny<o, N;>0. This would



allow concrol of sun pointing and rell independently.
Note that with Jouwr identical saills only combinations

(3) and (4) arc possible. "he solution to this problen

s to use won~identical sails, salls with different

-

absorption-reflection chavacteristics., The first
configuration studied is shown in FPigure 5.6 and
consists of a palr of reflecting vancs, 2 and 4,

and a palr of absorbhing vancs, 1 and 3. All foun

vanes arce assumaed to be moede of mylar, aluminized on

i

one side with absorptivity 0.2 and emissivity = 0.05,
black on another side with absorptivity = emissivity =
0.9. The reflecting vanes show the aluminized face

to the sun whereas the absorbing vanes arve just reversed.
Using'thgse values and the equations derived above,

the roll and erecting torques produced by these two’
pairs of vanes are plotted (Figures 5.7 and 5.8) versus
their lengths, 1, with their pitch angles, B , as a
'paramcter. Note that for any given length, the erecting
torque produced by the absorbing vancs is only a

little smaller than that produced by the reflecting
vanes; however, the roll térque produced by 1 and 3

is much smaller than that produced hy 2 and 4, Thus

it secms possible to choose ﬁq3>Qquuch that all

four combinations of total torques can be generated:

(1) Ng¢>0 N> 0 (for f<0p20) 5 (2) Ny<0,N, <0



(B0, a2 0 )3 (B)Ny70, N <0 ( ﬁry<0;fu44<));
and (4) Ny<0, Ny <0 (g0, £,.20) . The only obher
regquirenent is that NY 7 4.8 dynoe~con for stability
as shown in Bouation (5-30). Consideying only the
torqucs'producod (shadowing and exposurce of backs

of vance are not considered here), the optimum

pitch angles are B,= +t80° and Bvﬁ *35.26°. Thus, for

example, the following choices of vane dimensions are

possiblc:

(By= ~80% B, = 35.26% 0= 57 V= 45)

9, (en) Ly, Ny (dyue-e) N,
250 165 3.3 13.4
230 130 3.35 3.0
260 170 3.8 14.0
260 160 4.3 9.0

Note that fox all the above choicesﬂqyw=?><d.8 dyne-cm,
thus the maximum equilibrium point will be greater than
5°.

Looking back at the torque equations derived above,
for example (5-39) and (5-40), it is obvious that for
four unidentical vancs, the precession torques do not
cancel resulting in a net N, which is undesirable from
a sensing viewpoint as discussed carlier. o circunvent
this difficulty, consider the configuration shown in

Figure 5.9. ©Note thalt we now have four identical vanes,



ciach composcd of o roflecting and ar absorbing part,
The diagram of & single vane shows how G deﬂigﬁ
allows rotation of the Lwo . sections independently
of cach olher. Note that the absorbing portion is
nows trapezoidal in shape. Whe center of pressuroe

for a trapezoid is:

0.
= :F._.(:l_:._‘_‘__),f)____ IC.P.
'ew , 15((\- 4 ,U.) (5-71) ﬁ
ey

Using this result and the above torgue equations fox

four identical vancs, (5-68), (5-69), and (5-70):
Ny = 0

The following table shows the resulls for tha host
. acceptable valucs of 214 and . and the corresponding
NY and Ny.

({3‘3 = "8001 ﬁl7_’|= 3502601 O= 50)

}zl‘i (t\'.\} . AY(QI“_(\'.'\*j . }'-\, ﬂ\"(‘-(\ S N ¥ ‘¢ i ( (l\';s‘.'.t:_ -:l'.',‘\ s x
120 « 180 120 270 2,45 11.56

120 " 130 <301 3.12 10.00
120 .180 150 . 366 4.63 6.52
" " 160 400 5.47 4.58

130 « 211 130 <317 3.11 14,36
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e
130 211 140 L350 3.8Y 12.55
" . 150 364 4.73 10060
¥ " 166 420 5.64 8.53

140 W 245 120 + 300 2¢25 21.32

u u 130 .333  3.04 19,52
h u 140 367  3.88  '17.58

n u 150 403 4,78 15.50

Yor example, if we chooso .ﬂ’f 140 i and A= 140 i

then the torques produced by tlhe vanes at € = 5° are:

—rr o— e e et a e i i e e

,5_.
ﬂ,zq s + %oa - ?)()u
o N\l = ~{0.0 N\: = ?h?:%

..“ 35‘-2’:‘
Ny = 5001 Woe = LS
Ny= ~3.5§ Ny= 10.6E

. L
-35.26 Ny = -\.58 N, =~ 5.0l

Note that forx 5h3= ~80° the NY torque produced is always
positive independent of fy, and is ncgative for p,= +80°.
For B, = 35.26°, the Ny torque produced is positive
independent of Jfi,, and is negative for By = ~35.26
Thus, it. appears that this vane system meets all the

: térquc production requiraments and conseguently allows

“independent" control of roll and sun pointing.
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5.5_ Vane Contxol Schee Lo

.
s

As Aiccussed carlior
conditions arco:

A

e
0,

[
A
=
v
0 o
o

Lacd

The required cnd coaditions

(1) Spacecraft ﬁ.axls

sun, 2°40410°.
(2) Spacceraft % axis

A
(3) 5000 r/ninzQ.£10°

For design simplicity, it is

¢ thoe expected i

Oricntation and Slabilizalion

nabial

200 x/miw
60°

1o0°

ares

pointed within 10° of the

perpendicular to the ecliptic.
r/min.

assunad that the vanes 7

pitch only between two fixed angles, that is, the

reflecting vanes switch botween

o'

absorbing ones between X80°,

produce positive or negative

“35.26°

and the

,Brcis controlled to

. creciing tovgue . as

needed to maintain @ between 2° and 10°, while B

is controlled to producae pos

itive or negative spin’

torque as needed to naintain wheel speed in the interval

5000 to J.()4 r/min.

after initial orientation, f

Specifically, in the steady state

is switched to ~80°

v

whenever @ cxceeds 10° to produce a positive erecting

torgue and hence reduce @ until it reaches 2° at which

time B, is switched to +80° to drive 0 back up. Thus

the motion limit cycles in 0 betweeon 2° and 10°. A
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similar logic controls swilching of the reflocting
vanas so that thoe wheel spin rate cveles botwion
5000 and ].04 r/min. ln-ordcr to produce no procession
torque, the sails are uncanted (’d,m 90°).
Yor the initial oricntation phasce, it is assuned
that a yo-yo device is employed to bring the spin
rate down from its initial value of 200 r/uwin to .aboul
2 x/min, From this point, further despin and sun
pointing are accomplished with all vanzs negatively
pitched (f,,= ~80°, B, = ~35.26°) to produce maximun
erecting and despin torque. VWhen 0, reaches .3 r/ming
the motoxr is activated o spin the vhec! up, thus
completely despinning tho spacecrafit bhody. Initial
roll orientaticn is then accomplished such that the .
antenna rotation axis is perpendicular to the ccliptic.
All this time, the spacecrafl has been moving from its
initial ¢°to its steady state equilibriwm position
é = 180° at a rate given by Fguation (5-1G):
.
(P =2 wis 00{7 © Sl'f,\.q’)
: (5-72)

When . ¢ reaches 180°, ¢ = 0, and thc motion redches
its steady state where the 3faXi5 linits cycle in the

ecliptic between @ and o



A compniber sinulatlon vas corriced out using tho

“desoribed vane pitoehine schome.  The shocecraft
configuration is shown in iigure 5.10. The following

-

constants werce usoed:

Vane dimensions: ﬂvﬁ = 140 o,

& = |40 A

The torque equations fox the vanes systom were put into

the equations of motion and nuterical integration was
N o ! o - . "“ ’ J,.

carried out to obtain the resulting motion.

d) = 0 C'.')/t‘ ¢ qll‘ (E’

’ N {
> b —— ., .,i.- — ’ . V J\ |i
© = C;(}_ <) is Cos C'/
. N,
[ -
L2, C

P

The results for the initial phase (da# 0) for two '
different starting conditions are shown in Figure 5.11 and
5.12. They show that the initial despin from 2 x/min

down to .3 r/min, can be expccted to take about & days.
At this point, the momentum wheel is . activated and the
antennas properly-oriented. Note that at this stage
in the motion, é i8 ‘not yet zero in general, so that
solar sensing is not an accurate roll orientation
reference: In fact, the results show that “steady

state" molion (4)#-180°)ai9'not reached until as much



as another fifteen days. Thus it scems that an- R
uplink method for roll detemmination is very dgsirablc
because it would enahle initial antenna'orientation
and roll upwdating during lhis stage. Although this
methbd_can‘be employed only about once a day, it is
noted that ‘é is quite small (£ 20°/day) S0 that roll
‘erroré can nevex growytco largcﬂ Once the "steady
state“-( ¢ = 1R0°) is reached, the spacecraft ?»axis
reﬁains in the ecliptic plane and limit cycles bétween

2° and 10°. A,typical motion is shown below:

THE N, N, Ny L
(‘!0-!.5!:) . (t‘\iﬂC-(\-i) (‘\'/hii\\) - (*‘eoo) (.'"; 35 7.\:0)

36,3 0 5,91  ~-50.74 6500 380  2.77 =~ =~
36,8 0 5,95  =50,72 6000 180 2,55 -~ =
37.0 0 4,

v

9 -50.71 5500 180 2.34 - -

37.2 0 4,54 ~50.69 5000 1807 2,13 - -
37.4 0  4.09  ~50.68 4500 180  1.92  + -
37.6 0 =5.80 50,74 5000 180 2.72 o4
37.8 0 =7.78 50.83 5500 180  3.65 : :
38.0 0 =-10,06 50.97 6000 180 4.73 o+ o+
38.2 0 -12.62 51.17 6500 180  5.95 4+ 4
38.4 0 ~15.47 51,45 6830 180 7.32 + +
38.6 0 ~18.57 51.52 7330 180 6.83 + .
38.8 0 =21.92 52,31 7830 180 ~ 10.48 + -

39.0 0  7.83 15.23 8000 180  10.22



e Ny Ny W, 0 ¢ o By Py
39.2 0 7.65 15.37 . 8170 180 .9.98 . .~ i+
3.4 0 7.48  15.50. 8330 ;. 180 9,76 .~ .+
39.6 . 0 7.33. 15362, 8500 180 9.56 . - +
39.8 0 7,19 15.92° 8500 180  9.37. = +
40.0 0 7.07 15.81 8670 180 9.20 -k
40.2 0 : 6.95 - +15.90 . 8830 180 5,04 v +
40.4 0  6.84. 15.97. 5000 . 180 8.90 - =
40,6 0 6.75: 16.04 - 9370 180 5.77, B
40.8. 0 6.66 16.10 9340 180 .. 8.65 .= 4
41.0 0 . 6.58 16.16 9500 180 8,54 -3 4
41,2 0  6.50 16,21 9670 180  8.44 . = . 4
41.4 0 6.44 16.25 9670 . 180 8,3G.. .-, .+
41.6 0 G.38 16.29 9840 180 8.26 - +
41.8 0 6.32 16.32 10,000 180  8.20 . =

42.0 0 16.00 -51.51 9500 180 7.58 - -

42.2 0 14.75  ~51.37 9170 180 . 6.97 - -

o~
N
s>
o
j
W
T
(=) ]

~51.26 8670 180 6.40.. = -

Note that the vancs are switched only about once every three
or four days.
There are ucvchT po qlb]c modlf1catlonb Lu thc ahovc

contro] scheme. Flrst, noto LhaL ﬁ. is, a]mo t alway%'"

B
pchhed at ~80° Lo maLnLa1n sun’ po:ntlnq, 480° is u°od
only when 0 goes buth 2°. Thus if *he vancs were dosigned

such that.Gﬂ is always”grcater than 2° but less than 10°,

the absorbing vanes could be fixed at -80° to always produce
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a positive exnecting torgue. In this case, the equilibrium
. ‘ , L v i

position would cycle hetwecn 0 and 0 ~ 20 as the wheel

speed varies betwcen its minimum and maxinuom values. With

such a schene, however, we cssentially lose direct contol of

0 .

ig possible to reduce the time

Another modification
requircd_for initial despin and sun pointing; Using vanes,
it takes about five days for the spacecrafi to despin
and erect from initial conditions Wu= 2 xr/min and 0= 60°
to»Q%a# 3 x/min and 0#10°. During this period, the
antemnas are unoriented and hence signal stren§th at
earth would he very irregulat. Thus it is desirable to
minimize the duration of this phase. This can be
accomplished by using actively pitched thrusters which
achieve both despin and sun pointing as described in Chapter 4.
‘Because the thrusters can provide much larger‘torqpes, this
initial period may be reduced to less then one day. Of.
course, this method would incur a penalty of additional
weight and complexity.

The above control scheme was formulated only undex
the cbnditioﬁs imposed by the yégi antennas,; thus the .
results found are for a specific set of requirements and
hencé-teﬁdrtp_mask the generality of the solution. For
example, & was allowed: to cyclc within the intexrval 2° to

10° because the heamwidth of the antenna (~ 47°) allows it.



109

However, on bowrd experiments may require that sun pointing
be maintained within much smaller tolerances, say betweoen

2° and 3°. 'his would simply cntail more frcqucnh switching
of the absorbhing vanes. In fact, if the vanes could be
varied in pitch continuvously, it is theoretically possible
to maintain @ constant. |

5.6 Distivhbances to the Motion

' Py

Disturbances stem from three principal;causcs:
(1) error torques, (2) antecnna rotatibn; and (3) micrométcoritic
impact.

Small ervors in NQ and N.. are not critical to the motion;
hovever, precession error torqucs rcsulting in a net
|ﬂx$ 0 will cause the spacecraft equilibrium position to
moﬁe out -of the ccliptic planc (é = 180°) to sone qﬁ;givcn

by

o AN _,_HN.zi_ﬂ'-—»'
sv q) - CQ[{)LSC')-‘\Q (5"76)

of course Ny will normally be much smaller than CN.Ws €550
so that cykwill be close to 180°, Tor eXample'for a net

Plx of .5 dyne-cm., the résulting equi.libriun position is:
¢~ 1g7°

With the given antenna beamvidth, an error of 7° is quite

acceptable. This error would not he detected by the sun



130

scnsor; however, by using thoe RE uplink phasce comparison
method approximately once every day to “"update" roll
orientation, this crror can cffectivcly be eliminated,

17 the antennas are controlled by a signal from
earth which commandﬁunntcﬂna rovation by small increwcntal
steps overy sevcral days, & small doublet impulsc reaction

E

torque will be excerted on the spacecrait at each rotation.
Because there is no net toergue, the spscecrafit angular
momentum remains constant and the resulting motion is a

small nutation which is guickly damped out.

s

The angular momentum imparted to the spacecraft due

(5"77),

In most cases, the eifect is negligibie, showing up as a

tiny nutation which the damper eliminates. In the unlikely
case that a very large torqgue disturbance occurs which
actually causes the angular momentum vector to move from.

its equilibrium point, the motion will return, albeit slowly,

to the equilibrium position in the ecliptic.



5.7  Fngineoring Considexaiions

This thesis haz been dalmost entirely concerned with
the theowvaeltical aspecks of the }_3':.:(:1}3‘1‘:‘111, while the ultimate
Ltest of any design is its onginceriag epnlicability. Actually,
this consideration was kept in mind throughout so that -the
final configuration requires no engincering technology
bayond present day capabilities. 'fhe momentum wheel systen,
for example, is cértainly a proven concept.

Pexhaps one of the most critical engineecing problems

wn
[

in any long duration mission i hat of bearings. Despite

o}

3
much work in this area, rotating bearings suijCt to the
space environncent remain a serious source of failure. The
only continuouvs bearing required in this configuration is
that foxr the momentum wheel., lowever, 'since it is contained
within the spacecraft, the entire system can be sealed

and thus not subject to the space environment. "he other.
two rotations required are those for the antennas througlh

§ and the vanes through T4 . Note that in neither casc is
continuous rotation necessary. For the antennas, a total.”
rotation of about 270° relative to the spacecraft body is
réquired?to'track carth from launcin to superior conjunction.
The vanes only need to rotate in pitch between T 4 and hence
the nmaximum required rotation is 160°. Thus, a true rotary
joint is unnccessary. The motions can be accomplished by a

single joint permitting a limited rotation, such as a flexible
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spring driven by a thenially controlled binetallic strip.
Note that such a device has no parts in contact which move
relative to cach other and hence the problemz of lubrication
are elininated.

Active thrusters,if thcy are to bhe vsed during the
initial orientation period, present no difficulties. Much
work has been done in the field of microthrusters (sce.
reference 13); motors using subliming solid propellants
can be méde vexry small, lightweight, and simple.

So far, littlec mention has been made of the problems
of deployment of the vanes and the antennas. ;Thg vanes
can be deployed in the same manner as in the Sunblauer
spacecraft where they are stored in a rolled configurationt
and then released. Deployment of the massive antennas
present nore of a problem. Although the spacecraft is
spinning at a relatively high rate at deployment, this can
still céuse an appreciable disturbance to the motion if
it is done very suddenly. Schemes ‘in which deployment is
slow and controllable have been investigated and shown to
be feasible., Note that if the two yagi antennas are deployed
synchronously, their reaction torques will tend to- cancel -
and hence minimize disturbance to the spacecraft motion.
Thus although further work must be done in this area, the.
problem of antenna deployment is not felt to be a critical

one.



5.8 Conclusion

Tt is concluded thal the dual sonin, dual vanou
configuration prescents a bighly satisiactory design which
meets all tlhie dynamic and attitude countrol reguirements

while retaining the Ffeatures of onginearing simplicity

and low weight.
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Figuré 5.5 Rotating fiber pipe to produce #, =, or 0 roll torque



Figure 5.6 Configuration with pairs of reflecting and ab-

sorbing vanes
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 CONCLUSLONS AND RECOMMENDED FURTIDIR STUDIRS -

oy

The main results of this study may be sumnarized as

follows:

(1) Fof a non-precessing spaccéraft, attiéudé sensinéuw;
using only the solar radiation vector is sufficiont, |
(2) A éompletciy despun:spécédraft is undesiféble

N

for the following reasons: (a) difficulty in maintaining

a stable despin at vcry-lowvrates} (b) diffi&ulty in h
sensing zero spin rate; (cf’iﬁherént SGnsiEivity tbvﬁorque
disturbances. » ; |
(3) A dual spin configﬂratioﬂ neets all.ﬁﬁé basié:
attitude control reﬁuiremehts. The spacccraft‘uséé oniy

solar radiation pressure for the generation of control

AU

~

torques. Specifically, a set of reflecting vanes are

controlled in pitch to produce roll torgues (pbsiti&é and

-
&

negative) while another set of absorbing vanes are ééhﬁféliéa‘
iﬁ piteh to produce erecting torques (positive or negative).
The vanes are uncanted so that no precession torque is
gencrated. The spacecraft uses only a sun sensor measurement
of the Fnler angles © and Al to determine its attitude. The
precession angle'¢ is known because in the steady state

the spacccraft equilibrium position is in the ecliptic plane

D = 180°). A back-up roll refererce scheme using phase
S
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‘conparison of an‘RF uplink provides xoll sensing au ing
the initial orientation phase and serves as an "updating"
‘souroe‘toveliminqte roll error build up duc to sun sensor
inaccuraciéq'énd error torques. The uplink also provides
for ground control of antenna rotation. This cntire_
 confi§ura£ibn achiEVQS full three-~axis orientation and
 6tabi]'Fa+50 with minimumn we1ght and comp1cx3ty (it 15
jsurmlged that Lho mpdCCCTaLL W11J wcxghL loughly 35 pounds
.rmore due malnTy to Lhc massive antennas, then the
’ Sunblavcr conflgulaL¢0n)
| It is rc»ommcnacu Lhau further atudlcg bc mado in
‘the following areas: (1) OledeuL10n of vane pl ch1ng
Scheme>to minimize time to reach steady state equilibrium
pésition;-(Z)‘more detailed analysis of_the effects of
to?qﬁe disturbancés to spacecraft'motion; (3) deployment
schemes for vanes. and antennas; (4) analysis of the effects
“of shadowing 6f‘vanes and the expcsures of backs of vanes
at large- 0‘5;1(5) analysis and design of the RF'uplink

phaée comparisoh mathod for roll attitude determination.
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APPENDIX A

VANE TORQUES
An analysis of solar prLGSULe,tprques Qﬂwfour
triangular vanes is coﬁtained in Reference 1, and is
repeated here for convenience. ﬂ
Solar radistion can be considered as a flux of ¥
momentum which is absorbed and reflected ccoxd1ng to
the lawsof geometrical optics. 'The flux of momcuLum hlthng
the vane is pro pOTLlOﬂnl to the cosine of the anglc
between the normal Lo the vane and the incident radiation.
Light\strikihg the vanes causes a resultantkfofcé
vector which has three physically distihﬁi compoheﬂtsii
(L) a reflected momentum, normal to the;vane ﬁv (2) an
absorbed momentum component,‘in the direction,of the
incident radiation i;;and (3) a reradiatédvcomponént,
also normal to the vane B. Define:
B = unit normal vector to vane
1, = unit vector to sun
1 = solar radlatlon lnfcn51ty
. _

= velocity of 11ghL

abs

absorptivity of vane.

Lvaigs

0

emissivity of vane.

® = cant angle of vanc

>
i
1 5

pitch angle of vane



With these definitions, and with reference to Figure A.l:

=3 N ) -
P =t ledopeadts spsa) -+, (exensn ~spog) + |, (saop)

(A1)
or b\ =T‘-v.°-c'\\’" + “5"‘ . SY" + }":‘-x & (A-2)
where = O,=QI—S%&FE'=\h.;]F? (A-3)
1’, = SoLCp (A-4)
Yr=p-a (a-5)
A= ta.qy '_(“é;:g".“qs- - (A~6).
- IS
I, = 4.0 « K CO (A=7)

Using these expressions, the angle betwecn the normal to

the vane and the incident radiation is:

'.:._.'A = 0808y €] ‘
Cley = PIo= asosy+be (r-5)

Using this COsine, the reflected and absorbed radiation

pressure components are given by

: E (™) =frea (i~ emiss} . 2613 . ('ﬁ'fx‘ -?) (A;-g)

"oﬂul‘c-'\
.\(’.. - R b__]'_.__ _&.._’.’..»-._f.
imﬁa) rea. avs. —= (P .E,\ '( | o\ (A-10)

For a reradiative force, resulting from a reradiated
ssuming isotropic radiation according to

intensity k! @
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Lambert's law, the effective normal component ofs the intensity

and forxce is given by:

1
[*s0cr0 do
I_N = IR“A—O:‘I.— = ’..23"“. 1{‘ '
f"'sece le - (A-11)
o . S
E (l\b" [--% (\*\, a , ...].‘:.‘...‘!._ . (... ’Yj‘) - ’
Arte ¢ (A=12)

verodiatad

The torque produced by the vanes are then obtained by

-\
taking Y x ¥. Define:

V: = yector from spacecraf{ center of massg to
center of prcssﬁre of vane '(A4i§)

Vo= Tonew « Jensy — R (A-1.4)

Y\ = Vot RDSOL ‘:'(A--ls')

2,= L cu (A-16)

s Y - _ . - .o
Thu PXP = "5&'\ [;' (02, -\-a(’-r\"“C,(\) S’t!)"——fg\“‘ sh C'Q)"]

A GorrpreMey-bnshsy]

+ }‘K Y\ 5/3.
Aﬁd from (A-8):
(B TY = o0 (o g =p") ~ 2 40 50CO ST 4> o
° _ (A-18)

hence the reflected torque is:

N (q;"j‘ = f\rc.n.' (l-xz’v,ulsS) : ’%‘ ' (a-fﬂz' (T;XFY':W
reflected : (A-19)

L 4
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Whero'(ﬁ;i)z and (ﬁxf) are given by Equations (A-18) and
(A-12) respectively.

The absorbed torque is:

N = Area obor o (BT ATox E)

absovbed - < <A-~-2 0)
‘where, from (A-l) and (A-14):
I,x 3 b“(-,\ S0 -v, 05U + 7 “(v,comp) ,&Kv_*‘so Vo
I Y ‘ v
P. = NEep S ~SHeaAY 4 COSHOR
T, = 56 (cwepsy -sped) + cosucp) (a-22)
:The.reradiatéd torque is giVen by:
(8 ¥ (cvatss A~ epaiss &)
N(“l’) = ""- Avea 0-19.*: POS) 97‘\3' . oo D
reead s C. : (c\mss A« 258 '221\'"23 )

where‘ﬁ.f is'giVen by (A-8); and using (A—l) and (A=14):
.Phx? ] { z.,(CC\'.C{a\’Q' - S{&cf\ﬂ V‘ S0L Cf a‘\)}
‘ +a {GSMCPCQL¥Z(cu pcm)+sﬁsaﬁ}
- (A~24
vk nsw (cv{c‘(s cAp + sp sy ~ o (et epsay »spu@ﬂ- )
Por a system of four triangular vanes, the effective
, qentér of pregsure of each vane is at a point 2/3 of the
‘distance aldng.the 1ongitudina1 axis of the triangular
vane,’
I \07\"- OL?L 7 L

L.® Hn\cm 3

(A-25)
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Mlso, if the spacecraft is rotating uniformly and fast
enough then we can average the torgues for 0 < Ah L 27

thus eliminating the A/ dependence:

~n Oy

- ._\....\ [1}
h‘g\caaf 5 NW ) d” (A~26)

14

A%
Avea (1-aniss 5) & [ (s® cxcmc(n* l’o’c‘{; L~ g% C (\,\\\sogo

~Fulstspetpn)soco - Qe (s aspcp 4 5p (L -3 5% <)o) r‘]

N J._f c«m c‘««'»

(A-27
absorbed 4 )

f

Avera- a«@s- & L "(q«-c/""‘ A i CN cplge co o\ci_ S50 col

i
K }’vK e }
[ ﬁ ] (A~28)
- N asd - :
R x o Genednen 7200 ]w.,n Srdceﬁs
vevad, (wo‘ ( 0_")
. (A~29)
C,= %‘ Araa c\fvs (Q“WM ~piniss 1)

(_C\A(,su 4— +}LMJ.SS ',)
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Figure A,1 Definition of spacecraft parameters



APPENDIX B

DUAL SPTN STABINITY

Nutational stability for the given spacccraft .

configuration will be investigated. From first
principles the rotational equations of motion will be
developed. In addition, two scalar equations describing
the internal motion of the wheel and damper mass are
found. A solution which satisfies this sel of equations ©
is esteblished. Linearized variational equations:about
this solution are written, and a Routh stability analysis
is used to determine stability of the solution.

Consider the dual spin spacecraft. doﬁfiguration-shownh
in Figure B.1, consisﬁihglof‘fhe main asymmetric-body‘“A",
the internally contained symmetric moment@m whéél "S";_;ndb
a mass»spring~daéhpat dampes: aligned with fhe spinbaxis.- h
When the damper mass isrin.i£s neutral pqsition (sp:in§
undeformed), the mass center of the totél}éystemwdéfinés-:
the point 0, and m lies oﬁﬁthé=X'axiS¥f As thejmaSS m moves
a distance Z in the % direction, the system mass center, C,

moves a distance & from 0 in the same direction, whére .

Zeqrit s pmE (B=1)
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l v X

where M is the total system mass,
The basic equation of motion is:

N=H (1-2)
- where a dot over a vector indicates rate off change with
respect to incrtial space. The angular momentum Q is
defined as:

ﬁ -:j ﬁ’x J(S‘: dwt
: - - (B~3)

where B is the vector from the system mass center, C, to
a @ifferential mass element, dm.

K1Y Lo

: =S g
R= R4+ ¥R

’ (B-4)

An over circle represents the time derivative in the body
e .

frame and 03, is the angular velocity of the body frame
with respect to inertial space. Since the oﬁly angular
Velocity that we will be interested in is 53% » the
subscript will henceforth be dropped for convenience. Thus,

Equation (B-3) becomes:

: . o . N
H = f(é % (& 2 ®) dvat sﬁ K R dnt |
' (B-5)
Since point C is moving with respect to the body fixed
axes, it is more convenient to work with vectors relative
N -t : ] 7
to point 0. If R, is the vector from C to 0, and ¥ is the

vector from 0 to the incremental mass,
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R=R,+ ¥ (B~6)
i,
and H bccomes: . ,
’ H i e
g(h,rwyx{@x(afpwﬂaanp§@n+¢sx(a;v%)aab
cxx{a>{(ﬁ+vym]ugwx(ax$)mn
- ( (,0 w P 3 VSY\ o\ A r{' Y u, S( is:‘oi'-l”’\ﬁj (;'\,\1'{,‘ :-;(B;*?)

- \“ X S\ 'y bv‘/\- -\ S » '/\\‘;‘ D\.\IL

-3

fl

n

From the definition of conler of maos,'
-ty
'(‘( K '\' Y‘\J\’L = S‘ a»\'l. o O S (B“S) Sa

Hence, g‘édWﬁg ~ M, - a (B-9)

Using (B~8) and :(B-9) in (B=7):

L N N .0 o - - ) N
H © f‘r\ b3 ( E:)x i.") (l\i"]b + [réo"' CBX d‘l P I,\‘LP\,U “l'jv?: wy 0‘.\"\\» (B“‘lO)

Recognizing that fﬁzx(ﬁxﬁ)(wp 18 1mp1y Lhe deflnltlon of
0. e where }ﬂ is the 1ncrLLa diadic of the snacecrdft
with respect to the body_axes system "b" centered at 0.

Also,

4 BxR]= R

ol

[

© (B-11)

4

Thus.Equation (B-10) becomes



Differentiating:

*

Ja. e o . ' .L\ :-:la T el _FL_. o3 , \ ' .
H='rad+ 1 8+ MR xR+ a‘tig?““‘f*m (B-13)
. » L . . e L '
Remembering that [l. &= (- &+ an({. &) o (B=14)
| R ReidnisBwi v
And Ro= RyFLWOUR, SRRl (B~15)

'(B-13) becomes :

LI

I" E~a§ * [\-c'o 303+ ML R v e xR it @)l g,

»\-frxy‘olm + w%ji‘xr‘w\fo ‘, (B-lG‘)‘-

| Equatioﬁ'(B—IG) is the general dynamical équation for a
-noﬁ~rigidrbody; To apply it to our case; the contribution
of thetﬁree components A, 8, and m must be found.

To evaluate the wheel contribution, let & be the
vector fromro to the‘wheel mass center Cg, and jé bé-the

vectoxr from C, to the individual wheel mass elemeﬁts. Thus,

F=Ctp (B-17)
v ‘F (3-18)

The wheel contrlbutlon to the 'last term 1n (B—16) iss

(JOXSY‘XYWLWL wxj[(c-\-p))&j)]o‘vm

= Aﬁssf‘&_(w,\sxp)dm (B-19)
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- . » ~ ] .
where W, is the angular velocity of the whecl with regpect

to the body axes system "b". fThe above integral is

ade ca . . .V'V.
simply the angular momentum; vy, of thcd wheel- with

respectto the body. Thus (B-9) can Le expressed as:
STy gu\ -‘l\‘ ,(I\)XI\\'
Wi, = Vs
WK s\")«\(‘u n A5 (B-20)
Next, consider the wheel contribution to thé term i?}f?ohﬁ';
in (B-16):

! o S (Be21)

Thus combining Equations”(szo) and (B¥21), themﬁofél

contribution .of the rotor ist A

(B~22)
We can now rewrite the géneral Equation (B-16) For the

case of a rigid body with K attached wheels and O attached
particlesti

=Y

o —_— - S = o D Sa e A =
N =[x ﬂ ® -+ x-S+ M [ﬂgi LW KRt 0 K Ro-i-(:)\x(&\)xr{,A]X Ry

k‘ T ot L ;.09 ) ) . o
| +; i * ; ] LR + x(Fx ]
L= e

' {B-23)
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For our particular configuration:

-\ ey 7 '}‘;"
R_'° /,..4.: i't'b- (B~24) -
and ' & R :,-g . . .
- Ry = iRy e p2E, (3-25)

T'hu,s ﬁhé term involving Ko in Bguation (.B"23) bacomnes !
:g | '9"‘ . ' -\ — B
M[R°+ ABRR,+F BRE + DBr(BREY] KR, =
t" '[w‘s 00 prye %2 O)b/‘L v 2% - Cb'x./wn Z”]
(B-26)

- — . -— Q' . '- . R v ’ . B -
T Ay [-— w”w%lu.m-é ~ R Gy AL Z @y /M"L:Z.}al

Now. to evaluate‘the last term of (B?23):_
vo ' ' ° - c e =N - - s
m{(Fr Y+ Br(Ry '\‘r“)] = m(d g, ¢+ 2R ) R A mq)x[(o‘&;ﬁ-z!.ib) 7«31/.1,,1

. o . - " (]3""27)
~ > o 2NN B o Foc AN R ,—.
- ’W\( pbO{A ¢ 4y w%”ll- ‘/ﬂ.\,(‘-‘«a‘l.lﬁ)
Next, to evaluate the wheel term in (B-23):
. ;
has= COLE, (B-28)

where C is the wheel inertia about*the spin axis, and 2

is the. angulaxr Speed relative to the body A. Thus,

1\,“5= CQ-;?%b+ C(«);‘QT}E —CCO%Q%.L (B~29)
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The inertia dyadic for the total ‘dystem can he wiittén  out

as: o i =
Tem L, v mzl _
= - vy '7""
L,=1 o
135 ; I? o (B30}
ay = Lug= O

T
1'\.‘7 = 1 Yr\c-l.";ﬁ'

The single subscrip{: and the superscript tj indicate
moments and products

of inertia of tl'xe'undc-:forméd systen
(2=0).

'I‘hus Lhe 1ncrtja dyadic can bhe wuch as.
u :('I..),_'HM;’:) vy "(.\\:'\ m'*z) h’;t (

..\’-\ok?}gb ub\ (.] \‘3"““""“)}:&“1’

-\ -5

T\‘ I vavb
0 > 5 on
n = ‘)/.x;’,.( bl l~.'1m1_!_—,_,3b,&b mcl,\ b"“b Yo 58/ ‘LHIL (B~31)

Hence the terms involving [l in Bguation (B-23) can be
written as:

0@+ 0 &+ a6 =

o {:Lm,..kw (T Wz o+ (I ~vad 3 - e”[ a)‘o) -(T, tr.n“\ca 0

~(I.n~mdﬂ 'y }S
+,3b{am7séo)? ~W e w & (I + m;'f)co A (Ln v.wlﬂwz + 00,00 ('L,(,( m )

- 63,:0)«‘('[.” Wl.d,ﬁ.} T, w” 3 .i

-\—..b ~md. :zm 4 (T \m 4 T m + (T, «m;z \m.,a) + (I.nwml §w,w

- (T.,°+ mZA) 500y }
(B-32)
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' Now,summipg all the contributions Efrom Lquations (Hf26),
(B-27), (B-29), and (B3-32) into the general equations.of
motion (B~23) and imposing the condition Awo, we thain
three scalas equations from setting the
 'comp6nents‘équa1 to zero individuaily:
T, 0o+ (I - ‘)w%m,‘ € @y O, m (1 -pr) 32" w.,.- () ey,

| (B—33)'
+2.\‘A(“ -M%‘L C«)W-\f yid % 4 (1‘2%7‘ V}’(C'wbm (Il‘, v.lo\,\')w

I Cbcs.v\-"('l' aw,,cw Cm,.O e mlt—p) oy #re m(\~,u)7 Wy
(B-34)

+- D‘Yﬂ. (‘ /'b\ Z.Z w.z A (I‘r Vr‘lC) 7X w% (T"% W\d;":) wl):(,)‘a-; O

ow . . _ _ ! .v_- ‘- ,_?’- ~ .
Loy + °-Qu* (T4~ T) w00y -2mA Zcoy (T4 -mdz) ey

+ ( I::% ~mdZ) 0oy, = O -

(B-35)
, (B-35)

qu mdre equatiohs are necesﬁary to compleﬁely '
specify the five unknowns oo,c,w..“wi,ﬂ,-z. These ﬁ#q "
additional equations come from the specification of the
behavior of the wheel and damper mass. For the wheel:

'-‘S - “
C(D%_ = L (B~36)

°>

where L is the spin moment applied to the WHeel and is
" .made up of the combination of bearing friction and motor

Lorque. |

S - _ _
Wy = W+ ) (B-37)
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Therefore, (B~306) becomes:

.C,(C:)’-\- .(.)\) = \4.

(B-38)
Applying I = ma to thc damper mass:
At o

i gi‘ "")"Li = W\Zm [ %1 ( b‘ /-.(\ /‘3) )] (B"39)
But . -

;‘.L_ ‘_“Li\."‘i (\-/.'-)2“- ] =% (\'/*) byt ‘:’7‘\'_“'\?\: " 7—’:(.("-}1-) }:’,‘,.
And ' . SRR

78 [J h+ %\ /A)’.‘,l = 3 (1 /A)’% FAPARY Sl ,'N’ J vuox[i(&w«\/ﬂ

m%{"”‘[*ﬂ“ AL
=Ty {0y Q) = e o, B Q= w000 d 4 2L 0a0y) (B-40)
t’,?b{-i(\—,u\cb,;—-‘:Lco%-Z(\—/A 4 7.“../00_)% w}_ dwz_ w’,:o';} i

+le{-7~(\ - A o[oo,, :E(\-/.obw% z ,u.}oo - o\oo “’315

_Hence,

~ mk' { w(.c’ Tyt 75-(“'/“5}-5‘)} mz-(l )+ el oy ~ WZ (4 - - ) 0%
-M}Ll /L\cot + m‘lwuwa (B-41)

Puttingr(B~4l) into (B-39):

m(_t-,u)z.-x 4:-»/’»& m(\-,u)(w,cywﬂi- gmalw, o, +mde,=0
(B-42)
Equatlons (B-33), (B*34), (B~35), (B-38) and (B-42)

comprise a set of five coupled equations in thc five

unknowns. Assuming the motor torque balances bearing
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friction so that L = 0, thesc equations arve 5ﬁd{ﬂsflcd by
the solution
Wy .t:m ~Q

0. = ()., (B-43)

z=0 o
To establish nucossary and qufilcient condlttonc on thc
assvmpLoLtc stability of Lhc soluuton, wo construcL tho
7variational equations about this solution, lineaxrive thgsg‘
equations in thé'Variatidna; ééordinatés; §ﬁﬁrsubﬁcgt!;
them to a Routh stability analysis. The vériational
_;cocrdinétes‘arc rcprescnted Ly. wgﬁowﬁ> ﬁ,fz. Térms_.sL:
‘above‘thé Ffirst degreesxn all‘the e Lelms and their
derivatives are dropped, resulting in the following .
equaﬁions:f ” |

T, o5 -\er:.O.‘s'Co erdEL 0 (B—-M) .

- » e - . ‘.' b)‘:\’ . APRR = - ) )

Tydpy+cOp+ Loy =0 (B-46)
clay+ 0N =0 o
(B-47)
m(w*\? b4 Lt emddog = O
(B=48)

Using (B-47) to eliminate Cb;:

- N L L _ _
Lo +CQ 0y + m.c)\;z__ = O‘ (5-15)



. s ks ¥ A" ~
l‘a(,gti ~ C )L 0y - Lw.O.s = Q (B=50)
S R - -3 B ]
=T, 0, ¢ CQg v Ly, @y = O (B~51)
5 0 5 P avad e
m (=) 25 £ - R vvad ey = 0 (R~52)
Using (B~51) to eliminate {4 :
i “ . v a ‘7"" = )
I Ck) CQ {))a \' it N v O (B"53)
b
. Yi I.. .
T w, ~COWy = =P—0 =0
(R ’ 1,-C (B-54)
(1 £2" A2 emd g =0
Gk (B-55)
Taking the Laplace transform, the equations can be
written in matrix form as:
11,9 C.O.S‘ md.g* (w\"'\
_Cﬂs (1 ~ *—»“f-*)S 0] ) mﬁ; y = {O}
\ # (B-56)
mo-$ 0 w1 s sty /
. . ’ .J

By eXpanding the determinant, the characteristic equation

is found to be:
T 51' ‘ , : o ;'L .
5* (1, - £ ) [romtop-vedd o101, - i) ]
¥t (B-57)
+ s‘[],‘h(lr 1{.%_’:-5) M- (;’:ﬂ_';_l +CHILLS ik =0

Applying Routh's criteria, the coefficients must all be

positive, thus: >
I, > ——n__.
‘ I,-¢
I > Y'\r!,,"

/U_.
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velly- g (8-55)
~ PN
A, = CO5 (B=59)
The array becomes
¥ T - -] [Laher R3mo-n]  ak
I‘»‘L "g }ﬂt 4; 0
4 492 .
R ORI b
SALS LS dio b 0
"
’g“-'ﬁ i o , 0 0
Ty whoewrd® A |
/&:' K O o

Thus the two necessary and sufficient conditions for stability

arxet
S mdt
e 2 T/ (B-60)
-
I% ? 'f;;éf'é," (B=61)

Both the conditions are always met for the given spacecraft

configurations,



Figure B.1 Dual spin configuration



APPENDIX C

ANTENNA TINERTIAS

Consider each antenna to be made up of five individual

elements as shown below:

Each element can be considered as a thin long rod. For a
uniform long rod of mass m and length 1, the moments of

inertia are:

e«

%

(1) normal to the length at one end, W\%@- {C-1)
' %

(2) normal to the length at the center, Wmé; (C=2)



Y

Using these results:

o) (C~3)

I%@ = Mg (,%;)z. (C-4)

',[ *" @g f_‘il_ " m@(sm,.”‘ (C-5)

Trg = Mo (E_\'.z:_;u_\i (C=6)

I% ~ Q (c-7)

And I: i I"Qf 1”@ N 1"@* 1"@*- I"@ (C-8)

Note that I is independent of Y (X is a principal axis).

1 Yo = Mg ("“&‘f—iﬁﬁ) % \mo[ ( e ($ppesd \3)"“]

(C-9)
I‘m: Wig (?f%tt‘s%‘*_&.»)7il w\@(.e.k (C~10)
I‘éﬁé = Wg (2'}‘:,‘5”3) + ®[( »,,\ 4 ('Sm, ccr.sx,) ] (C-11)
T ® m@m”\\gf‘hwﬂ Mg M‘) (C-12)
Ty = Mo -(—é‘" (C-13)
ana Ly =L+ LT v TyeToe, (c~14)
I%m (M [( ) + (Spvsmﬂ] (Cc-15)
1ottt mg (4 26
I7® hio(lM +“m@[ a‘) (S,\rsmﬂ—\ (c-1.7)
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13@: WL@[(% *\?ér_‘\xlz}r:,ﬂ‘ Mg (LY (C-18)
N ,
Ld@)* Yig ,__3_ (C-19)
And Ly = Tt Lig? Lo Lot Lig (C-20)
Joy= = S‘A'ia"'“‘“ (c-21)
Jtﬂ@-‘ - Mgy (M,\Lfsv.w, Ced '+ MpS é‘,a\o’\g § Oy (C-22)
| Tpe® ““‘@Lﬁ%.ﬁz"”'“? ey (c-23)
3%@ W@(”‘r‘3 Svmg ' - Yﬂ@g\\pc‘f&‘s Sy {c~24) -
, J‘ﬁ@ = g (Grbmsnﬂ Sy covy 1(¢N25) .
Jyge = O (c26)
Ang gy = Sae™ Y3p™ Suig * Tiig ¥ Yne (C-27)

To get an indication of the actual values that can be
expected, assume the following antenna dimensions:

A .

5 = {50 ew.

Qhp= Ahps U= 200 em.

yR: 5)('—' < Po= 1.5 om,

SR; = SFb - ()4 C...VA.

These figures were arrived ét assuming a Waveiength of 400 cm.
For a three élement yagi, only the center elemernt is active,
all the others being parasitic elements., Thus it is possible
to make these much lighter. The following densities were

assumed:
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SJQ)@ =AM %‘m/c\-n"‘
Pop® =& grlen’®
For ‘g = 0, the resulting inertias are:
“
Il.a A :):Cb 7‘\()% %V‘\ -~ (‘A’V\z
I;: AR UVE lOg.%w— o
. O
’_\_% & 2.0 )’\le Lhm— o

Thus the spacecraft actually has almost equal inertias
along two axes and a much smaller inertia along the
remaining axis.

To get an idea of the maximum expected product of

inertia, for ‘§= 45°,

13,,] = 6X10° gu - ont
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